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REMARKS 

Applicant wishes to thank Examiners Akhavan and Guzo for the courtesy extended to 
inventor Dr. Baum and the representative, Nancy Vensko, attorney of record, on November 24, 
2003. In place of Interview Summary Form PTOL-413, the following summarizes the discussions 
held at the telephone interview: A prototype version of Claim 8 was discussed. International 
Preliminary Examination Report (IPER) and Delporte et al., Proc. Natl Acad. Sci. USA 94: 3268 
(1997) were shown as exhibits. The claims are free of the prior art. All issues related to 112 first 
paragraph were discussed. The present response to the outstanding Office Action includes the 
substance of the Examiner Interview. 
A. Disposition of Claims 

By this amendment, Applicant has canceled Claims 1-7 without prejudice. Claim 8 has 
been added. Thus, Claim 8 is pending. This amendment is presented to make explicit what was 
implicit in the Original Claims. Support is found throughout the Patent Specification, as shown 
in the following Support Chart. The Patent Specification has been amended to conform the Brief 
Description of the Drawings with the Detailed Description of the Invention 7:6 - 14:14. No new 
- matter has been added. Reexamination and reconsideration of the application, as amended, are 
respectfully requested. 



Su pport Chart 



Claim Recitation 


Support in Specification 


a water and salt permeable, porous 
biodegradable blind end tube having an interior 
surface 


3:7-8,3:10-11, 10:1-3 


matrix components coating said interior surface 
capable of promoting the formation of a 
polarized monolayer of salivary gland 
epithelial cells 


3:8-9,9:18-21, 13:20 


a polarized monolayer of salivary gland 
epithelial cells, said salivary gland epithelial 
cells disposed on said interior surface and 
having a phenotype in which said salivary 
gland epithelial cells express or are transduced 
to express a water channel protein and ion 
transport protein so that water and salt is 
secreted unidirectionally 


3:9-10,3:27-4:12, 12:27-29 
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B. Compliance with 35 USC 112, Second Paragraph 

The Patent Office rejected the claims under 35 USC 1 12/2 as being indefinite. According 
to MPEP 2173.02, the claims must be definite when analyzed in light of the Patent Specification. 
Per the Support Chart, Applicant has conformed the Claim Language to the Patent Specification 
by use of the terms "water channel protein" and "express or are transduced to express". When 
analyzed in light of the Patent Specification, the Claim Language is definite. 

C. Compliance with 35 USC 112, First Paragraph, Written Description 

The Patent Office rejected the claims under 35 USC 112/1 as failing to meet the written 
description requirement. According to MPEP 2163, the written description may be met through 
sufficient description of a representative number of species by actual reduction to practice, 
reduction to drawings, or by disclosure of relevant, identifying characteristics, i.e., structure or 
other physical and/or chemical properties, by functional characteristics coupled with a known or 
disclosed correlation between function and structure, or by a combination of such identifying 
characteristics, sufficient to show the applicant was in possession of the claimed genus. Per the 
Support Chart, Applicant has conformed the Claim Language to the Patent Specification by use 
of the term "salivary gland epithelial cells". Per the Support Chart, as shown by actual reduction 
to practice, reduction to drawings, or by disclosure of relevant, identifying characteristics, i.e., 
structure or other physical and/or chemical properties, by functional characteristics coupled with 
a known or disclosed correlation between function and structure, or by a combination of such 
identifying characteristics, Applicant was in possession of the claimed genus and has met the 
written description requirement. 

D. Compliance with 35 USC 112, First Paragraph, Enablement Requirement 

The Patent Office rejected the claims under 35 USC 112/1 as failing to meet the 
enablement requirement. The test for enablement is whether one skilled in the art could make or 
use the invention from the disclosure in the patent specification coupled with information known 
in the art without undue experimentation. United States v. Telectronics Inc., 8 USPQ2d 1217, 
1223 (Fed. Cir. 1988). Beginning with the disclosure in the patent specification, per the Support 
Chart, Applicant has conformed the Claim Language to the Patent Specification. Turning to the 
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state of the art, Declaration of Dr. Baum, attached, testifies on the state of the art as it existed at 
the time of the effective filing date of this application, 24 February 1999. Based on the disclosure 
in the patent specification coupled with information known in the art, the conclusion is that one 
skilled in the art could make or use the invention without undue experimentation as a first 
generation artificial salivary gland. 

Additionally, while evidence of safety in the treatment of humans or regarding the degree 
of effectiveness will ultimately need to be provided for FDA approval, under MPEP 2107.03 V, 
FDA approval is not a prerequisite for finding an invention useful within the meaning of the 
patent laws. Thus, under this provision, it is improper for Office personnel to request evidence of 
safety in the treatment of humans or regarding the degree of effectiveness. Rather, the relevant 
inquiry is whether enablement is commensurate in scope with the claims. 

Finally, although not authoritative, the opinion of the International Preliminary 
Examination Authority (IPEA) expressed in International Preliminary Examination Report 
(IPER), attached, is nonetheless persuasive that the enablement requirement is met. Here, the 
IPEA takes the position that Baum et al., Annals of the New York Academy of Sciences 875: 
294 (June 1999) is novelty-defeating (and, by definition, fully enabling) for the subject matter of 
the claims. This is because the document reports a conference that was held on 18-22 July 1998, 
before the priority date of 24 February 1999. Under MPEP 715.01(c), however, an inventor 
cannot create 102(a) art against himself. Any public disclosure occurred within the one-year 
grace period. Therefore, a rejection under 35 USC 102(a) cannot stand. While not prior art date- 
wise (under U.S. patent law), Baum et al. June 1999 is nonetheless fully enabling for the subject 
matter of the claims (per the opinion of the IPEA). Yet Baum et al. June 1999 corresponds to the 
priority document (and benefit of priority is not in dispute with either the IPEA or the USPTO). 
Thus the priority document is fully enabling for the subject matter of the claims (per the opinion 
of the IPEA). The conclusion of this International Authority is an unbiased third-party opinion 
that is persuasive that the enablement requirement is met. 

CONCLUSION 

In view of the above, it is submitted that the claims are in condition for allowance. 
Reconsideration and withdrawal of all outstanding rejections are respectfully requested. Allowance 
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of the claims at an early date is solicited. If any points remain that can be resolved by telephone, the 
Examiner is invited to contact the undersigned at the below-given telephone number. 

Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Dated: 




Registration No. 36,298 
Attorney of Record 
Customer No. 20,995 
(805) 547-5585 
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DECLARATION OF BRUCE J. BAUM 



Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 223 13-1450 

Dear Sir: 



1 . I am one o f llic inventors of the abovc-idenli lied application. 

2. A true and correct copy of my Curriculum Vilae is attached as Exhibit 1. 

3. This declaration is to comment on the state of the art as it existed at the time of 
the effective filing dale of this application, 24 February 1 999. 



4. Although it is possible to transplant mammalian salivary glands (Eid ct al., 
Transplantation 64: 679 (1997), of record, re-allachcd), due to clinical inadequacy of this option, 
the problem in the prior art was the lack of an artificial salivary gland. Each year in the U.S., 
about 30,000 individuals undergo therapeutic ionizing radiation to their salivary glands during 
radiation therapy for head and neck malignancies. Patients whose salivary glands are thus 
rendered hypo functional suffer from rampant denial caries (decay), frequent mucosal infections 
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(such as oral Candidiasis), dysphagia (swallowing difficulties), as well as considerable pain and 
discomfort. There was no conventional effective therapy for this condition. 

5. Nonetheless, pre-filing dale studies of elements of the artificial salivary gland 
constituted proof ofprinciple experiments. 

6. Mooncy et al.. Cell Transplant. 3: 203 (1994), of record, re-attached, reported the 
construction of a tubular and porous biodegradable substrate which promoted vascularization 
following implantation. . 

7. Roycc ct al, Differentiation 52: 247 (1993), of record, re-attached, reported the 
d iffcrcntiation of a salivary duct cell line on a reconstituted basement membrane. 

8. Delporlc et al., Proc. Natl Acad. Sci. USA 94: 3268 (1997), of record, re-attached, 
reported the construction of a recombinant adenovirus encoding human aquaporin-1 (hAQPl), 
the archetypal water channel. This vims directed hAQPl expression in vitro in several epithelial 
cell lines (Fig. 1) and in vivo in salivary gland (Fig. 5). In polarized epithelial cell monolayers, 
hAQPl was localized in the apical and basolateral plasma membranes (Fig. 2), Fluid movement 
across monolayers infected by recombinant adenovirus encoding hAQPl in response to an 
osmolic gradient was about 4-fold that seen with uninfected monolayers or monolayers infected 
by a control virus (Fig. 3). When the virus was administered to salivary glands that had been 
irradiated and rendered hypo functional, salivary flow rale was dramatically increased (Fig. 4). 

9. Due to the reason that adenovirus-mcdiated gene transfer leads to transient 
transgene expression and a significant host immune response, Braddon et al., Human Gene 
Therapy 9: 2777 (1998), newly attached, investigated, use of recombinant adenoassociatcd 
viruses, which feature no association with any disease and an ability to integrate into the host 
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genome, and reported adenoassocialed virus-mediated transfer of a functional water channel into 
salivary epithelial cells in vitro and in vivo. , * 

10. Voutctakis et al., submitted, reported that administration of a recombinant 
adcuoassociatcd viral vector encoding human erythropoietin (hEPO) directly to salivary gland 
resulted in scrum hEPO levels that reached maximum proportions 8-12 weeks after gene delivery 
and remained relatively stable for 54 weeks. 

1 1 . Because the artificial salivary gland would actually operate within the parameters 
disclosed in the patent specification, as shown by pre-liling date studies of elements of the 
artificial salivary gland constituting proof of principle experiments (and confirmed by the post- 
filing art of Voutetakis ct al., submitted), the invention defined in the claims solves the problem in 
the prior art caused by clinical inadequacy of other options by offering a therapy that could be 
expected to last up to one year for patients whose salivary glands are hypofunctional and have 
no hope for conventional effective therapy for this condition. 

12. T declare that all statements made herein of my own. knowledge are true and that all 
statements made on information and belief are believed to be true; and further, that these 
statements were made with the knowledge that willful, false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Tide 18 of the United States 
Code and that such willful, false statements may jeopardize the validity of the application or 
patent issuing therefrom. 



Respectfully submitted. 



Dated- V^oVO^W^b, £_PO B 




Bruce J. Bflum 
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EXHIBIT 1 



November 25, 2003 



CURRICULUM VITAE 



OFFICE ADDRESS: GTTB, NIDCR, NIH 
Building 10, Room 1N-113 
10 Center Drive, MSC 1 190 
Bethesda,MD 20892-1190 



NAME: Bruce Jay Baum 



OFFICE PHONE: 
FAX: 
E-MAIL: 



(301)496-1363 
(301) 402-1228 
bbaum@dir.nidcr.nih.gov 



DATE and PLACE OF BIRTH: October 28, 1945; Lynn, Massachusetts 

CITIZEN: United States 

EDUCATION: 

1967 - B.A. University of Virginia, Charlottesville, VA 

1971 - D.M.D. Tufts University, Boston, MA 

1974 - Ph.D. Boston University, Boston, MA 

BOARD CERTIFICATION: 

1971 - National Board of Dental Examiners 



LICENSURE: 

Massachusetts, 1971 (currently inactive) 
Maryland, 1976 
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BRIEF CHRONOLOGY OF EMPLOYMENT: 

1974 - 1976 Naval Dental Research Officer, Biochemistry and Oral 

Bacteriology Division, Dental Sciences Department, Naval 
Medical Research Institute, Bethesda, MD 

1976 - 1978 Staff Investigator, Pulmonary Branch, National Heart, Lung and 

Blood Institute, Bethesda, MD 

1978 - 1981 Senior Investigator, Laboratory of Molecular Aging, Gerontology 

Research Center, National Institute on Aging, Baltimore, MD 

1982 - 1996 Clinical Director and Chief, Clinical Investigations and Patient 

Care Branch, National Institute of Dental Research, Bethesda, MD 

1996 - present Chief, Gene Therapy and Therapeutics Branch, National Institute 

of Dental and Craniofacial Research, Bethesda, MD 

MILITARY SERVICE: 

1974- 1976 U.S. Navy 
PROFESSIONAL ORGANIZATIONS: 

American Academy of Oral Medicine 

American Association for the Advancement of Science 

American Dental Association 

American Dental Education Association 

American Society for Biochemistry and Molecular Biology 

American Society of Gene Therapy 

American Physiological Society 

International Association for Dental Research 
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HONORARY SOCIETIES: 

Alpha Epsilon Delta 
Omicron Kappa Upsilon 
Sigma Xi 

HONORS and OTHER SPECIAL SCIENTIFIC RECOGNITION: 

B.A. with distinction, University of Virginia, 1967 

Clarence Pettengill Fellowship, Tufts University, 1970 

Alumni Award for Social Dentistry, Tufts University, 1971 

U.S. Public Health Service Commendation Medal, 1982, 1988 

Lady Davis Fellowship and Visiting Professorship, Hebrew University, 1984 

Carl A. Schlack Award, Association of Military Surgeons of the U.S., 1987 

Wellcome Visiting Professorship, 1988, University of Pittsburgh 

Researcher of the Year, Salivary Research Group, I ADR, 1988 

Visiting Professorship, University of Liverpool, 1988 

Visiting Professorship, Tel- Aviv University, 1989 

Goldstein Visiting Professorship, Hebrew University, 1990 

Distinguished Lecturer in Oral Biology, SUNY Buffalo, 1990 

Fellow, American Association for the Advancement of Science, 1992 

Salivary Research Award, IADR, 1993 

Samuel Charles Miller Award, American Academy of Oral Medicine, 1993 

Dr. J. Murray Gavel Clinical Research Lectureship, Forsyth Dental 
Center, Boston, MA, 1994 

U.S. Public Health Service Citation, 1994 

Geriatric Oral Research Award, IADR, 1995 
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Visiting Professorship, Tokyo Dental College, 1996 - present 

NIH Senior Biomedical Research Service, 1996 

Columbia University Biraberg Research Award, 1997 

NIDR Director's Exemplary Service Award, 1997, 2000 

Visiting Professorship, Harvard School of Dental Medicine, 1997 

Honorary Professorship, Capital University of Medical Sciences, Beijing, PRC, 1999 

Jack Lewin Epstein Memorial Lectureship, Hebrew University, 2000 

Norton Ross Award, American Dental Association, 2000 

Visiting Professorship, Tokyo Medical and Dental University, 2001 

Leo M. Sreebny Visiting Scholar, SUNY-Stony Brook, 2002 

Isidore Cabakoff Lectureship, Hebrew University, 2002 

New York University, Distinguished Scientist Award, 2003 

RESEARCH INTERESTS: 

Aging and oral physiology/oral health 
Regulation of salivary gland secretion 
Pathogenesis of salivary gland disorders 
Clinical applications of gene transfer technology 



OTHER ACTIVITIES: 

1973 - 1978 Abstractor, Oral Research Abstracts, Biochemistry Section 

1976 - 1993 Editorial Review Board, Journal of Dental Research 

1979 - present Ad Hoc Reviewer or Consultant for agencies such as Veterans 

Administration Medical Research Service; National Science 
Foundation; National Institutes of Health, Extramural Grants; 
Medical Research Council of Canada; Israel Academy of Sciences 
and Humanities; Canadian Cystic Fibrosis Foundation; Israel 
Science Foundation; Wellcome Trust (UK); NATO Scientific 
Exchange Program; and for numerous scientific journals 
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1980 - 1983 Secretary-Treasurer, Vice-President, President, Washington 

Section, American Association for Dental Research 

1980 - 1982 Program Officer, Salivary Research 

Group, International Association for 
Dental Research 

1 980 - 1 98 1 Ad Hoc Advisor, 1981 White House 

Conference on Aging 

1981 - 1984 Member, Long Range Planning Committee, 

American Association for Dental Research 

1981 - 1991 Associate Editor for Basic Science, 

Gerodontology 

1982 Visiting Scientist, Department of Physiological 
Chemistry, Johns Hopkins University, Baltimore, MD 

1983 - 1990 N1DR representative, NIH Cystic Fibrosis 

Co-ordinating Committee 

1983 - 1985 Chairman, Publication Committee, Journal of Dental Research 

1984 - 1985 Member, Project Advisory Panel, NIDR/NIA/VA Collaborative 

Project on Oral Health in the Elderly 

1985 - 1987 Editorial Board, Dysphagia 

1985 - 1989 Member, Long Range Planning Committee, 

American Association for Dental Research 

1986 - 1988 Chairman, National Institute on Aging, 

Clinical Research Subpanel 

1986 - 1989 Member, Gies Award Committee, 

American Association for Dental Research 

1987 - 1991 Member-at-Large, Section R (Dentistry) 

American Association for the Advancement of 
Science 

1987 - 1995 Chair, Clinical Center Medical Board Tenure Promotion 

Committee 

1987 - 1992 Associate Editor, Dysphagia 
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1987 - 1988 Programming Committee, American Society for Biochemistry and 

Molecular Biology 

1988 - 1992 Editorial Board, Journal of Gerontology: Medical Sciences 
1988 Chairman, Section 4, AD A- World Workshop on Oral Medicine 

1 988 Consultant, Geriatric Education Project, American Association of 
Dental Schools 

1989 Member, Institute of Medicine, Clinical Liason Team: A National 
Research Agenda on Aging. 

1989 Member, National Institute of Deafness and other Communicative 

Disorders Task Force to Develop a National Strategic Research 
Plan 

1989 - 1994 Consultant, Commission on Oral Health, Research and 

Epidemiology, Federation Dentaire Internationale 

1989 - 1990 Chairman, ad hoc Work Group on the Future Scope of NIDR 

Research Activities 

1991 - 1994 Chairman, International Conference of Oral Biology Planning 

Committee, International Association for Dental Research 

1991 - 2002 Member, Planning Committee, World Workshops on Oral 

Medicine 

1991 - 2002 Editorial Board, Oral Surgery, Oral Medicine and Oral Pathology 

(Oral Medicine Section) 

1992 - 1997 Editorial Board, Dysphagia 

1992 Guest Scientist, Laboratory of Cellular Metabolism, National 
Heart, Lung and Blood Institute, Bethesda, MD 

1993 - 1994 Chairman, NIDR-IRP Internal Advisory Committee 

1993 Member, Oral Health 2000 Scientific Advisory Task Force 

1 994 - 1 998 AADR representative to AAAS (Section N-Medical 

Sciences) 

1994 - 1996 Special Consultant in Dental Education, Indiana University School 

of Dentistry 



1994- 1996 

1994- 1996 

1995 

1995 - 1996 

1995 - 1996 

1995- 1997 
1996 

1996 - present 

1996 - present 

1996 - present 

1997 - present 

1997- 2000 

1998- 2001 
1999 

1999 - present 

1999 -present 
1999 

1999 

1999 - present 



Editorial Board, Journal of Dental Research 

Chair-Elect, then Chair, Section on Dentistry, American 
Association for the Advancement of Science 

Member, External Review Committee, Faculty of Dentistry, 
University of Sydney, Australia 

Chair, Medical Board Subcommittee on Training and Career Paths 

Member, Steering Committee, NIDR Strategic Planning Process 

Member, NIH Committee on Scientific Conduct and Ethics 

Member, NIDR-DIR Reorganization Committee 

Clinical Professor, Department of Oral Health Care Delivery, 
University of Maryland 

Associate Editor, Clinical Sciences, European Journal of Dental 
Education 

Board of Tutors, NIH Clinical Research Training Program 

Member, NIH Senior Biomedical Research Service Policy Board 

Member, NIH Clinical Research Revitalization Committee 

Editorial Board, Journal of Dental Research 

Chair, Salivary Glands and Saliva Gordon Research Conference 

Member, Admissions Committee, NIH-Duke Master of Health 
Sciences in Clinical Research program 

Senior Editor, Oral Diseases 

Member, NIDCR Blue Ribbon Panel on Research Training and 
Career Development 

Member, External Review Panel, University of Pittsburgh 
School of Dental Medicine 

Member, Board of Overseers, Tufts University School of Dental 
Medicine 
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1999 

1999-2002 
1999-2002 

1999- 2001 

2000 

2000- present 
2000- 2001 

2001 

2002 

2002- present 

2003 - present 



Member, NIH Clinical Center Revitalization Steering Committee 

NIDCR Liason, NIH Office of Recombinant DNA Activities 

Member, Scientific Advisory Board, Genteric, Inc, Alameda, CA 

Member, Future of Dentistry Committee, American Dental 
Association 

Member, External Review Panel, Columbia University School 
of Dental and Oral Surgery 

Consultant, Inspire Pharmaceuticals, Durham, NC 

Chair, Section 5.3, DentEdEvolves, Association for Dental 
Education in Europe 

Member, External Review Committee, School of Dentistry, 
Tokushima University, Japan 

Member, External Review Committee, School of Dentistry, 
University of Southern California 

Member, Scientific Advisory Board, Dentigenix, LLC, Kirkland, 
WA 

Member, Scientific Advisory Board, Harvard School of Dental 
Medicine, Boston, MA 
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^ Impaired salivary function with resultant severe 
^dryness of the mouth, or xerostomia, may occur in 
^association with a variety of systemic disorders or 
Itherapies. No adequate treatment exists for this debil- 
itating condition, which impedes normal oral func- 
tion, in particular alimentation and phonation. This 
fgtudy explores the feasibility of salivary gland auto- 
Itransplantation, using a canine model. A salivary 
Inland with its duct and surrounding blood vessels still 
lattached was excised and reimplanted in the dog's 
? thigh by anastomosing the graft's blood vessels to the 
! femoral artery and vein. The duct was sutured to an 
f artificial orifice cut in the thigh's skin, from which the 
Isaliva was collected. Salivary secretion was induced 
f by a single intravenous bolus of pilocarpine (5 mg). 
I Preoperative (normal) salivation was measured by col- 
lecting saliva from the gland in situ. Periodic func- 
ftional studies showed normal saliva production dur- 
|ing the first month after grafting, after which the 
Salivary flow was reduced by 35% over the next 2 
months. This reduction was interpreted as a sign of 
f jdisuse atrophy resulting from the lack of autonomic 
^innervation. To overcome this impediment, oral pilo- 
carpine (5 mg/day) was administered to the recipient 
fjflog, after which normal levels of saliva were excreted 
Phroiigh the graft during the 3-month follow-up pe- 
friod. The quality of the graft saliva was assessed by its 
tprotein and electrolyte levels, which showed close to 
^normal values. 

'^l Diminished salivary flow to the point of extreme dry 
xmouth, xerostomia, is usually a sequela of irradiation to the 
fhead and neck region or certain drug therapies, or it may be 
^ ; a symptom in systemic diseases such as Sjogren's syndrome. 
l4n the Western world, including the United States, there is 
'an increasing prevalence of salivary hypofunction (1, 2). Al- 
though not a fatal condition, the quality of life of xerostomic 
patients is gravely reduced because two basic human func- 
v tions, alimentation and oral communication, are severely 
I; impaired. Lack of saliva prevents oral tissue lubrication, 
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thereby obstructing solid food bolus formation and impeding 
phonation. Scarce or no salivary output will lower antimicro- 
bial protection and attack oral mucosal membrane integrity 
(3). 

Two main approaches have been used in the attempt to 
alleviate the symptoms of xerostomia: systemic therapy and 
the use of artificial saliva (saliva substitutes). The systemic 
treatment, which is empirical in nature, is directed at the 
underlying cause of the phenomenon and includes antima- 
larial drugs, steroids, cytotoxic agents, interferon a-2, and, 
especially in Sjogren's syndrome patients, antirheumatic 
agents (4-9). In clinical, controlled studies using these 
agents, the outcome with respect to salivary function was 
equivocal; furthermore, numerous side effects were reported, 
making such an approach worthless in the majority of cases, 
especially in view of the minimal relief experienced by the 
patients. Another systemic mode of treatment of the dry 
mouth syndrome is aimed directly at the salivary dysfunction 
and consists of systemic therapy with sialagogues to promote 
the secretory potential of the residual gland. A number of 
such salivary stimulants have been studied in clinical trials 
(10-13), but none of them succeeded in increasing consider- 
able salivary output, and some were even associated with 
gastrointestinal disorders. The few agents that were able to 
elicit salivary secretion, albeit on a modest scale, were pilo- 
carpine and some traditional medicaments (14-19). 

It should be stressed that none of the patients in the 
studies cited above had total glandular atrophy, because all 
displayed functional salivary remnants. Administration of 
any systemic drugs to patients who underwent head and 
neck irradiation or those who suffer from severe Sjogren's 
syndrome with a total lack of functional gland parenchyma is 
to no avail, because the rationale for their use is based on 
augmentation of remaining glandular tissue. 

The use of artificial saliva to overcome the problem of 
salivary dysfunction is aimed at patients without functional 
glandular tissue. The basic components of most artificial 
saliva compounds are methylcellulose, sorbitol, ions includ- 
ing fluoride, and preservatives; some preparations contain 
porcine-derived mucin. However, the currently available 
products are far from satisfactory in their efficacy and may 
even have unwarranted side effects, such as irritation of the 
mucosal tissue and unpleasant taste. 

In light of the success of transplantation as a therapy for a 
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variety of end-stage organ failure, transplantation of the 
salivary gland could be an effective treatment modality for 
certain patients suffering from severe xerostomia. Within 
this context, it is worthwhile mentioning the use of pancreas 
transplantation in diabetic patients and the high rate of 
functioning glands for a period of several years after trans- 
plantation. The exocrine function of allotransplanted pan- 
creas in humans has been reported to be 75% and 60% at 1- 
and 5-year follow-up, respectively (20-22). The fact that pan- 
creatic exocrine activity can be preserved indicates the fea- 
sibility of exocrine gland transplantation, making salivary 
gland transplantation a workable concept. The present study 
aimed at establishing an animal model for salivary gland 
transplantation to assess the feasibility of saliva production 
by a transplanted gland. 



MATERIALS AND METHODS 

All animal procedures employed in this study were approved by 
the Institutional Committee for Animal Care and Experimentation. 
A total of 10 mongrel male dogs weighing 23 to 30 kg was used, 4 in 
preliminary studies and 6 in the transplantation model itself. Of the 
latter, five procedures were autotransplant, and in one instance an 
allograft was performed. The preliminary experiments were con- 
ducted to explore the basic anatomy relevant to the transplantation 
procedures. The anatomy of the gland and its environs were unrav- 
eled by means of dissection and exploration of the major salivary 
glands and their relationship to other structures and the mode of 
their blood supply. Surgery was carried out in anesthetized and 
intubated animals. Anesthesia was induced by intravenous injection 
of pentothal (60 mg/kg) followed by intratracheal intubation. Venti- 
lation was maintained with 2 to 5% halothane in 02/N0 2 . Functional 
studies, i.e., saliva collection, were always performed on anesthe- 
tized and intubated dogs. 

The transplantation model will be described in detail in Results. In 
brief, the mandibular salivary gland was explanted and autografted 
or allografted into the inguinal fossa, using the femoral vessels for 
vascular anastomoses. The salivary duct was exteriorized at the skin 
level, creating a salivary stoma in the thigh. To minimize cold isch- 
emia time, the femoral vessels were prepared for anastomosis before 
gland explantation. 

Perioperative treatment included daily intramuscular injections 
of penicillin (1X10 6 units) and streptomycin (1 g) for 10 days. The 
dogs were allowed to drink and eat ad libitum; during the first 4 
postoperative days, food was supplemented with liquid nutrition 
(Ensure, Ross Laboratories, Columbus, OH). Two of the five auto- 
transplanted dogs received 5 mg/day pilocarpine in the form of an 
oral tablet (prepared by us) during the entire follow-up period (Sig- 
ma, St. Louis, MO). 

To obtain reference (control) values, the function of the mandibu- 
lar salivary gland in situ was analyzed 2 to 3 days before explanta- 
tion. The orifice of the gland located at the lingual frenulum in the 
floor of the mouth was cannulated using a 17-G polyethylene tube. 
To stimulate salivation, pilocarpine (5 mg in 1 ml of saline) was 
injected intravenously; after this, the saliva, which started to flow 
within less than 1 min, was collected for 10 min into 1-min tubes. 
Total volume and flow rate were recorded. Samples were weighed 
and stored at -4°C. In a similar manner, the function of the trans- 
planted glands was studied for 3 months after transplantation on a 
weekly basis. 

Saliva quality was assessed by assaying total protein, sodium, and 
potassium concentrations in each sample. Total protein levels were 
determined by ultraviolet absorption at 215 nm using a.Uvikon 810 
spectrophotometer (Kontron, Zurich, Switzerland); electrolyte con- 
centration were measured by means of atomic absorption (Perkin- 
Elmer 403, Norwalk, CT). 



RESULTS f 

The experimental model of salivary gland transplantation 
The preliminary studies determined the choice of the gland to 
be explanted. The submandibular gland was elected as the 
transplant organ because of its superficial location, which 
permits easy access, and because of its solid encapsulated 
texture. It was exposed after a Y-shaped incision was made 
around the mandibular angle (Fig. 1). One area of the incjl 
sion runs superiorly along the posterior border of the man!, 
dible, another along its lower border, and the third part ruj^ 
posteriorly along the dog's neck. After developing two ski$ 
flaps, the venous drainage was ascertained (Fig. 2). Two to 
three tiny glandular veins draining into the linguofacial, 
maxillary, or jugular veins were found. Venous drainage of 
the gland transplant was based on the latter large veins' 
which were fully dissected and mobilized. The gland was 
subsequently separated from the underlying stylohyoid and 
stemomastoid muscles in a cranial to caudal direction. The 
anterior aspect of the gland was separated from the ascend- 
ing ramus of the mandible, exposing the arterial supply of 
the gland at its superior-anterior aspects. Two glandular 
arteries, both branches of the maxillary artery, were found 
(Fig. 2). The main glandular duct originating at the anterior 
and medial aspect of the gland was identified and dissected 
It was fully freed until it entered the floor of the mouth. ; 

At this stage, the glandular graft was ready for explanta- 
tion (Fig. 3). The linguofacial and maxillary veins were lij 
gated and transected close to the mandibular ramus. The 
jugular vein was transected 1.5 cm distal to its bifurcation. 
The maxillary artery was transected proximal and distal to 
the takeoff glandular branches, and the duct was transected 
at the distal end. The graft was removed and immediately 
rinsed with a cold heparinized saline solution (0.05%), as 
follows: a cannula was inserted into the maxillary artery and 
the solution was flushed through the gland using 1 m gravity 
force until it was pale in color. Systemic heparin was adnmv 
istered to neither the donor nor the recipient dogs. During 
the entire period of devascularization and until grafting, the 




Figure L Schematic drawing of the dog's neck illustrating the in: 
cision intended for harvesting the mandibular salivary gland graft: 
(A) Superior incision along the posterior border of the mandible; (?j 
incision along the lower mandibular border; (C) posterior incision. 
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pGUHE 2. Schematic drawing of a right mandibular canine salivary 
gland (donor gland). (A) External jugular vein; (B) maxillary vein; (C) 
^linguofacial vein; (D) mandibular duct; (E) glandular arteries; (F) 
inaxillary artery; (G) glandular veins. 




Figure 3. Schematic drawing of the prepared graft anastomosed to 
the frmoral blood vessels. (A) External jugular vein; (B) maxillary 
vein; vC) linguofacial vein; (D) mandibular duct; (F) maxillary artery; 
(G) femoral artery. 



gland was kept on ice. The distal ends of the linguofacial and 
maxillary veins were anastomosed (side-to-side) to form one 
main trunk that served as the distal end of the graft's vein, 
and the jugular vain formed its other end. (Fig. 3). 

For the grafting procedure, blood flow from the femoral 
vein was blocked by two vessel loops. A portion of the vein, 
comparable in length to that of the donor vein, was excised. 
The proximal and distal ends of the graft's veins were anas- 
tomosed (end-to-end) to the prepared (femoral) recipient 
vein. The glandular artery was anastomosed (end-to-side) to 
the femoral artery after temporary ligation of the femoral 
artery (Fig. 3). The skin near the graft was perforated, and 
the distal end of the salivary duct was connected to the edge 
of the stoma to allow free salivary flow. All suturing was 
performed with 7-0 nylon thread. 

A:, ^transplant functional studies. Six dogs were grafted 
according to the method described above. Two of the au- 
tografted glands secreted saliva immediately upon surgery; 
this ceased, however, quite soon thereafter. Surgical explo- 
ration of these two transplants showed graft necrosis result- 
ing from vascular thrombosis. Three other autografts se- 
creted substantial amounts of saliva during the follow-up 
Period. The one allotransplanted gland was studied on a daily 
basis; it showed normal salivation during the first 4 postop- 
erative days, followed by a gradual decrease until on the 8th 
day ■ -.o saliva was obtainable at all from the graft. 

Figure 4 presents the total amount of saliva collected (after 
;i Pilocarpine stimulation) from one autograft during the 
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Figure 4. Autotransplant salivation in the dog receiving no pilo- 
carpine treatment. 



3-month follow-up period. In the first postoperative month, 
13 to 16 ml/10 min saliva was excreted, approaching the 
control volumes of the same gland. Considerable volumes, 
albeit 33 to 39% below normal, were still measured on days 
51, 65, and 85. 

Salivation flow rate, another parameter of salivary gland 
function, was studied after intravenous pilocarpine stimula- 
tion. The autotransplanted gland deviated from the normal 
with regard to this parameter. In situ, the flow rate de- 
creased gradually, i.e., from 3 ml in the first minute, to 2.5 ml 
in the second minute, to about 1 ml after 6 to 8 min. After 
transplantation, the flow rate showed a plateau, remaining 
at 1 to 1.5 ml throughout the collection time (Fig. 5). 

This phenomenon of an equal flow rate was presumed to be 
the result of changes occurring in a gland lacking continuous 
stimulation because of deficient innervation. To overcome the 
problem of an inadequate supply of nerve fibers, a daily 
muscarinic stimulus (the cholinomimetic alkaloid pilo- 
carpine) was administered to two additional autotrans- 
planted dogs during the follow-up period. It resulted in con- 
tinuously high levels of saliva (Fig. 6), with a normal pattern 
of flow rate at each measuring point. Figure 7 is a represen- 
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Figure 5. Autotransplant flow rate measurements after 28 and 85 
days after transplantation in the dog receiving no pilocarpine treat- 
ment. In situ (control) salivary flow rate is also shown. 
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Figure 6. Autotransplant salivation during the 92 experimental 
days in the two recipient dogs treated continuously with oral pilo- 
carpine. 
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Figure 7. Autotransplant flow rate measured on day 92 after sur- 
gery in one of the dogs receiving oral daily pilocarpine therapy 
during the entire follow-up period. 



tative example of the salivary flow rate of an autotrans- 
planted gland on day 92 compared with its rate measured in 
situ. 

Salivary protein, potassium, and sodium concentrations, 
representative parameters of saliva quality, were similar in 
both in situ and transplanted gland. Thus, for example, in 
the non-pilocarpine-treated dog monitored longitudinally, 
the salivary protein level amounted to 4.2 mg/ml on day 85 
compared with the control value of 4.4 mg/ml. 

DISCUSSION 

To the best of our knowledge, transplantation of the sali- 
vary gland has never been presented in the medical litera- 
ture. However, based on the encouraging results with pan- 
creas transplantation in diabetic patients (20-22), we proffer 
the concept of salivary gland transplantation as a therapeu- 
tic modality in patients with severe xerostomia. 

We envisage salivary gland transplantation as a treatment 
modality in patients afflicted with severe xerostomia result- 
ing from total lack of saliva caused by Sjogren's syndrome or 
after head and neck irradiation. To this end, it seems logical 



to implement allograft transplantation by using human suk 
mandibular glands implanted into the submandibular trian, 
gle located in close proximity with the floor of the recipient 
mouth. The human submandibular gland lends itself ex. 
tremely well to transplantation because of its encapsulated 
nature, sizable blood vessels, and long excretory duct. Fur. 
thermore, the anatomy of the gland and that of the recipient 
region is quite familiar to surgeons of various disciplines 
Immunosuppressive drugs are indicated in these instances 
because of the high therapeutic index (prescription of these 
drugs for treating the hyposalivation in Sjogren's syndrome 
patients was discontinued because of their limited and tran- 
sient efficacy). Patients with head and neck cancer treated by 
irradiation will be eligible for salivary gland allotransplan- 
tation and subsequent immunosuppressive treatment when 
they are considered cured of their malignancy, in keeping 
with the rationale applied in other organ transplantations for 
cancer patients. 

The first step toward achieving this goal in humans had to 
be the establishment of an animal model to study the func- 
tional performance of a transplanted salivary gland. Dogs 
were considered the most suitable to serve as the experimen- 
tal animals because of their sizable salivary glands and re- 
lated blood vessels. The inguinal fossa was chosen as the 
recipient site because of the ample blood vessels and the easy 
access for the grafting and transplant saliva collection pro- 
cedures. The autograft modality was used at this stage of 
model development to avoid the problem of rejection. To 
overcome the technical difficulties of anastomosing the do- 
nor's very small veins and arteries to the recipient site, a 
strategy of harvesting the gland together with the more 
distally placed vessels (segments of the linguofacial, maxil- 
lary, and jugular veins and the maxillary artery) was used. 

The lack of innervation in the autotransplanted glands 
may have been the underlying reason for the 30% reduced 
values of salivary flow obtained in the first autograft exper- 
iment. It is assumed that the deficient autonomic stimulation 
resulted in a down-regulation of acinar cell receptors in the 
autotransplanted gland (Figs. 4 and 5). To counteract this 
phenomenon, oral pilocarpine was administered daily to the 
animals in the subsequent autotransplant experiments (Figs. 
5 and 6) to provide continuous muscarinic receptor stimula- 
tion (14). 

By using these methods, substantial amounts of saliva 
approximating normal volumes were produced by the trans- 
planted glands throughout the 3 months of the postsurgical 
period. No importance should be attached to the experimen- 
tal period of 3 months, because this was a purely arbitrary 1 
decision. It is of interest that one grafted dog that had been 
allowed to stay in the animal house with no special care, i.e., 
daily pilocarpine administration, excreted normal amounts 
of saliva after 14 months, indicating possible restoration of , 
autonomic innervation. The slight reduction in salivary 
gland autotransplant function is similar to that noted for the 
exocrine secretion in human pancreatic allografts (20). :v 

It should be stressed that the experimental salivation de- 
scribed in this study is a stimulated procedure by means of 
intravenous pilocarpine, a well accepted method to study' 
salivary gland function in both humans and animals (23, 24)? 
The parameter characterizes glandular potential and reflects', 
the gland's status. Under normal in vivo conditions, resting 
saliva is low and higher volumes are secreted only upon! 



gusta 
be mt 
roan 
cient 
sis mi 
the d 
been 
tomic 

No? 
biolo; 
rich i 
rich i 
the p: 
and t\ 
this t 
detail 
erthel 
preset 
tage < 
the h 

In i 
succet 
saliva 
neede 
explai 
trans] 



2. L; 

- pi 

3. M; 

4. Fo 
Rh 

5. Ta 
tie 
15 

-.6. Sk 
oti 

7. K 
mi 
no; 

8. Kr 
qu 
cro 

9. Fe 
(IB 
syi 



EID ET AL. 



■ptember 15, 1997* 

listatory or other stimulation (23, 24). Resting saliva cannot 
jneasured in anesthetized animals. In possible future hu- 

t^T* 11 sa ^ varv transplantation to ameliorate insuffi- 

^ent salivation, administration of pilocarpine on a daily ba- 
fjtfs might be the appropriate stimulatory method to overcome 
Ifhe deficient autonomic innervation. Such treatment has 
fjjeen shown to have beneficial effects in moderately xeros- 

fmic patients (17). 
Normal saliva is a watery solution rich in electrolytes and 
biologically highly potent proteins, such as mucins, cystatin- 
frich phosphoproteins, enzymes, immunoglobulins, proline- 
Irich proteins, and several other important constituents. In 
fifre present study, the concentrations of only total proteins 
j|nd two representative electrolytes were assayed. We termed 
|{his transplant product "saliva," although admittedly more 
Iftetailed analyses are necessary for a precise definition. Nev- 
ertheless, even if not all salivary components prove to be 
present in the graft saliva, one cannot disregard the advan- 
ce of improved secretion to whatever degree in alleviating 
|he immense discomfort of severe xerostomia. 
| In conclusion, we believe that the present investigation 
Succeeded in establishing a useful experimental model of 
salivary gland transplantation. Further animal studies are 
needed to explore, among other topics, allograft rejection and 
explant preservation, with the ultimate aim of salivary gland 
transplantation in humans. 
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□ Abstract - Engineering new tissues by transplanting cells 
on polymeric delivery devices is one approach to alleviate the 
vast shortage of donor tissue. However, it will be necessary 
to fabricate cell delivery devices that deliver cells to a given 
location and promote the formation of specific tissue struc- 
tures from the transplanted cells and the host tissue. This re- 
port describes the design and fabrication of a polymeric 
device for guiding the development of tubular vascularized 
tissues, which may be useful for engineering a variety of tis- 
sues including intestine, blood vessels, tracheas, and ureters. 
Porous films of poly (D,L-lactic-co-glycolic acid) have been 
formed and fabricated into tubes capable of resisting com- 
pressional forces in vitro and in vivo. These devices promote 
the ingrowth of f ibrovascular tissue following implantation 
into recipient animals, resulting in a vascularized, tubular tis- 
sue. To investigate the utility of these devices as cell deliv- 
ery devices, enterocytes (intestinal epithelial cells) were seeded 
onto the devices in vitro. Enterocytes were found to attach 
to these devices and form an organized epithelial cell layer. 
These results suggest that these devices may be an appropri- 
ate delivery vehicle for transplanting cells and engineering 
new tubular tissues. 

□ Keywords — Tissue engineering; Biodegradable polymers; 
Tubular tissues. 

INTRODUCTION 

A significant factor limiting the therapies of organ 
transplantation and tissue reconstruction is the lack 
of suitable donor tissue (1). Our laboratory has fo- 
cused on the creation of new tissue substitutes with 
selective cell transplantation on biodegradable syn- 
thetic polymers (7,14) to alleviate this problem. This 
approach involves isolating cells from a portion of 
donor tissue and attaching them to polymer scaffolds. 
The cell-polymer devices are subsequently implanted 
into appropriate sites to promote cell growth and re- 



organization into the desired tissue structure. Utilizing 
this approach we have engineered liver, cartilage, bone, 
and urothelial tissue in animal models (2,12,13,16). 
The polymer template serves both as a delivery vehi- 
cle for transplanted cells and as a template to guide the 
development of tissue structure. Furthermore, the use 
of biodegradable polymers allows one to have a scaf- 
fold that will erode after tissue development is com- 
pleted to leave an entirely natural tissue. 

A major challenge in any attempt to engineer new 
tissue is the development of a cell delivery device that 
meets the requirements for the specific tissue. There are 
a variety of tissues with tubular structure, including in- 
testine, blood vessels, tracheas, and ureters, and a tu- 
bular delivery device will likely be required to engineer 
these tissues. Engineering neointestine is of interest, for 
example, as loss of a large portion of small bowel leads 
to a state of malnutrition termed "short bowel syn- 
drome," which, if left untreated, results in death. 
Parenteral nutrition, feeding with a fluid introduced 
through major blood vessels, improves patient sur- 
vival, but long-term treatment often results in liver dis- 
ease or infection, and loss of vascular access (3). The 
most promising alternative therapy, small bowel trans- 
plantation, is not widely performed, and expansion of 
this treatment to a larger percentage of patients will 
likely be limited by the significant problem of donor 
shortage (1). It may be possible to engineer neointes- 
tine and other tubular tissues if a delivery device were 
fabricated that was tubular, biocompatible, and al- 
lowed neovascularization of the developing tissue while 
preventing the invading tissue from collapsing the 
device. 
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In this study we describe the fabrication of cell de- 
livery devices that meet these requirements. Tubular 
devices were fabricated from porous films of poly (d,l- 
lactic-co-glycolic acid). The devices are biocompatible, 
have sufficient mechanical stability to prevent tissue 
collapse, and promote vascularization of the develop- 
ing tissue. Furthermore, intestinal epithelial cells (en- 
terocytes), attach to the devices and form an organized 
cell layer on their luminal surface. Thus, these devices 
may allow transplantation of specific all types, and 
promote the formation of a desired tissue structure. 

MATERIALS AND METHODS 

Materials 

The 50/50 copolymer of lactic and glycolic acid 
(poly (D,L-lactic-co-glycolic acid) was purchased from 
Medisorb (Cincinnati, OH), chloroform from Mallinck- 
rodt (Paris, KY), polystyrene standards from Polysci- 
ences (Warrington, PA), aluminum backed tape from 
Cole-Parmer (Chicago, IL), phosphate buffered saline 
and DMEM medium from Gibco (Grand Island, NY), 
Tmax film from Kodak, Lewis rats, 250-300 g, from 
Charles River (Wilmington, MA), calf serum from 
Hyclone Lab. Inc. (Logan, UT), penicillin and strep- 
tomycin from Irvine Scientific (Santa Ana, CA), and 
methoxyflurane from Pitman-Moore Inc. (Mundelein, 
IL). 

Device Characterization 

Devices were synthesized from a 50/50 copolymer of 
lactic and glycolic acid (poly (D,L-lactic-co-glycoIic acid) 
with a molecular weight (M w ) of 43,400 (M w /M n = 

I . 43). Molecular weights were determined by gel per- 
meation chromatography (Perkin-EImer, Series 10, 
Newton Centre, MA), using polystyrene standards to 
generate a calibration curve. 

For scanning electron microscopic examination, 
samples were gold coated using a Sputter Coater (Desk 

II, Denton Vacuum, Cherry Hill, NJ). An environmen- 
tal scanning electron microscope (ElectroScan; Wil- 
mington, MA) was operated at 30 kV with a water 
vapor environment of 5 torr to image samples. Pho- 
tomicrographs were taken with Polaroid 55 film. 

The porosity and pore size distribution of devices 
was analyzed by mercury porosimetfy (Poresizer 9320, 
Micromeritics, Norcross, GA) using a solid penetrom- 
eter with a 5 mL bulb volume (920-61707-00, Micro- 
meritics). The void volume and pore size distribution 
of polymer devices were determined as previously de- 
scribed (5). 

To determine the yield stress and strain of the poly- 
mer films used to form tubes, they were subjected to a 
tensile test using an Instron model 4201 (Canton, MA). 



Testing was done at a constant strain rate of 0. 1 mm/s, 
and testing was continued until the samples failed. 

Thermal mechanical analysis of devices was per- 
formed with a TMA 7 (Perkin Elmer Corp.; Norwalk, 
CT) at a constant temperature of 37°C. A load of 
100 mN was applied for 15 min, and then removed. 
The height of the sample was followed during com- 
pression and following release of the load. Differen- 
tial scanning calorimetry was performed with a DSC 7 
(Perkin Elmer Corp.; Norwalk, CT) with a heat ramp 
of 10°C/min. 

The degradation kinetics of the formed tubes were 
analyzed by placing each device in 5 mL of phosphate 
buffered saline, pH 7.4, and incubating under static 
conditions at 37°C. The mass loss was analyzed by 
weighing lyophilized devices before and after the incu- 
bation period. The molecular weight changes of the 
polymer devices were analyzed using gel permeation 
chromatography as described above. 

Implantation of Devices 

Polymer constructs were implanted into the mesen- 
tery of syngeneic Lewis rats as previously described (8). 
The mesenteric tissue was rolled around the devices to 
promote tissue invasion and neovascularization of the 
implants from all sides. Implants were secured in place 
with sutures of 7-0 Maxon (Davis and Geek). Recip- 
ients of polymer devices were sacrificed on post im- 
plantation days 0, 3, 7, and 56. The implants were 
removed, fixed in 10% buffered formalin, and thin 
sections were cut from paraffin-embedded tissue. His- 
tological sections were stained with hematoxylin and 
eosin. Photomicrographs were taken with Kodak Tmax 
film. Inhalation anesthesia with methoxyflurane was 
utilized in all experiments involving animals. 

Cell Isolation and Attachment to Devices 

Segments of small intestine (20 cm) were isolated 
from syngeneic Lewis rats by making a midline incision 
to expose the small intestine, lavaging the intestine to 
remove fecal debris, and excising along the mesenteric 
attachment. Enterocytes were nonenzymatically iso- 
lated from intestinal segments by serial incubation of 
the intestinal lumen with an isotonic solution contain- 
ing EDTA as previously described (8). This method iso- 
lates separate fractions of villus and crypt cells. The 
undifferentiated, but highly proliferative crypt cells 
were collected, counted on a Coulter counter, and as- 
sessed for viability by trypan blue exclusion. Approx- 
imately 3 x 10 6 crypt cells were isolated per cm of 
original intestine, and the average cell viability was 
77%. 

To introduce cells into the polymeric delivery de- 
vices, 0.15 mL of a cell suspension containing from 
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0.3-20 x 10 6 cells/mL was injected into the interior of 
each device using a 1 mL syringe and a 22 gauge nee- 
dle. Devices were incubated for 24 h at 37°C in an at- 
mosphere of 5% C0 2 to allow cell adhesion, and the 
caps at the ends were then cut off. To quantitate the 
number of adherent cells the devices were washed twice 
with phosphate buffered saline, and incubated with 
1 mL of 0.25% trypsin for 1 h. The number of de- 
tached cells was then quantitated using a Coulter 
counter. Cell-polymer devices were kept in DMEM me- 
dium, containing 5°Io calf serum, 100 U/mL penicillin 
and 100 mg/mL streptomycin during the period of cell 
attachment. 

RESULTS 

Fabrication and Characterization 
of Polymer Devices 

To fabricate cell delivery devices, a material that was 
biocompatible and biodegradable was desired. A rapid 



degradation was desired so that the chronic foreign- 
body inflammatory response could be minimized, along 
with the resulting scar tissue formation. A 50/50 co- 
polymer of d,l lactic acid and glycolic acid was chosen 
to fabricate cell delivery devices, as polymers of the 
lactic-glycolic acid family are biocompatible (15), de- 
grade by simple hydrolysis (10), and are FDA approved 
for certain applications in humans. Copolymers of d,l 
lactic acid and glycolic acid are amorphous (6), increas- 
ing the rate of degradation, and are relatively mallea- 
ble. Differential scanning calorimetric analysis of the 
chosen polymer confirmed the noncrystalline nature of 
the polymer, as a glass transition was noted at 48°C, 
and no crystallization peak was observed. 

Delivery devices were fabricated by first preparing 
porous films of the polymer, and then forming these 
films into tubes. Porous films were formed by casting 
a dilute solution of the 50/50 copolymer dissolved in 
chloroform into Teflon covered petri dishes. Sodium 
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Fig. 1. Photomicrographs of scanning electron microscopic 
examination of the top surface (a), bottom surface (b), and 
cross-section (c) of porous films utilized to form delivery de- 
vices. Original magnifications and size bars are shown on 
photomicrographs. 
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Fig. 2. A representative stress-strain diagram of porous films 
subjected to a constant strain rate of 0.05 mm/min at room 
temperature. Values are the mean ± standard deviation cal- 
culated from measurements taken on three samples of a film. 



chloride particles were distributed over the solution, 
the chloroform was evaporated, and the salt particles 
leached out. This led to the formation of thin polymer 
films (0.31 ± 0.02 mm; n - 6), and scanning electron 
microscopic examination confirmed the highly porous 
nature of these films. The surface exposed to air was 
very rough, with large pores (100-200 /xm) (Fig. la). 
In contrast, the surface exposed to the Teflon coating 



was much smoother, with pores ranging from 5-50 /tm 
(Fig. lb). Examination of a cross-section of the films 
indicated that the films were largely hollow, with pores 
corresponding in size to the salt crystals originally cast 
with the polymer solution (Fig. lc). In many ways this 
anisotropic structure was ideal. The rougher surface 
could be used to form the outer surface of the tubes, 
as large pores are necessary to promote tissue ingrowth 
and vascularization of implants (17). The smoother 
surface could be used to form the interior of the de- 
vices, as a smooth surface would allow adherent cells 
to more readily form an organized monolayer than 
would a highly irregular surface. 

To confirm the scanning electron microscopy obser- 
vations, the porosity and pore size distribution of the 
films were quantitated using mercury porosimetry. The 
porosity of the devices was 89 ± 2%, and the average 
pore size in the films was 139 ± 62 (mean ± stan- 
dard deviation; n = 6), corresponding to the size of the 
NaCl crystals loaded. 

A strong, but malleable polymer was required to 
permit formation of tubes from the cast films. To con- 
firm that the processing technique did not significantly 
change the malleability of the 50/50 copolymer, the 
maximal elongation before failure and yield stress of 
formed films was measured. A stress-strain diagram of 
the films is shown in Fig. 2, and this testing indicated 
that the polymers remained malleable after the solvent 
casting and leaching processes. The average yield strain 
of films was 5.2 ± 0.9% (n = 5), and the average yield 
stress was 14. 1 ± 5.4 MPa. These values are in the same 
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Fig. 3. Change in molecular weight (a), and mass (b) of delivery devices placed in phosphate buffered saline under static 
conditions at 37 C. The masses of devices were normalized to the initial mass, and values represent the mean and standard 
deviation of 4 devices at each time point. 
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range as the stock polymer utilized to form the films 
(9). Furthermore, the glass transition temperature of 
the films was the same as the stock polymer (not 
shown), again indicating that the processing did not 
significantly change the polymer. 

To form tubular devices, the porous films were sub- 
sequently wrapped around Teflon cylinders, and the 
overlapping ends were sealed together. A design crite- 
ria for these devices is that they withstand compres- 



sional forces in vivo, thus preventing tissue collapse. 
Compression of devices by a force of up to 200 mN 
using a thermomechanical analysis system led to slight 
deformations (i.e., a force of 100 mN resulted in a 
strain of 7%), but the tubes did not collapse under this 
load. This deformation was mainly elastic, as the tubes 
returned to near the original diameter upon removal 
of the load. Another design criteria was that these de- 
vices degrade over a period of weeks to months follow- 




Fig. 4. Tissue ingrowth following device implantation. A low magnification (a), and higher magnification photomicrograph 
(b) of a device harvested 3 days after implantation. The polymer (P) is surrounded by host tissue, and this consists largely of 
adipose tissue (A) with occasional, large blood vessels. An inflammatory response to the tissue is visible, and host cells are 
invading the device via the large pores, (c) Device harvested 7 days after implantation. Fibrovascular tissue has invaded com- 
pletely through the polymer (P) and formed a layer of granulation tissue on the luminal surface of the device. Multiple blood 
vessels are apparent in the newly formed tissue, (d) A high magnification of this tissue showing a representative blood vessel. 
Red blood cells (R) are clearly visible in the new blood vessel, (e and f) A device harvested 56 days after implantation. No 
evidence of the device was visible in the newly formed tissue under a lower magnification (e), and only under a high ma g^ fl " 
cation (f) were small fragments of the polymer visible (P). Original magnifications were 3 1 x for a, 50x for c, 20x for e, 120x 
for b, and 1200x for d and f. 
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ing implantation. To confirm that these devices would 
degrade rapidly, an in vitro degradation study was car- 
ried out. The molecular weight of the devices dropped 
by approximately 90% within 6 wk, and the mass of 
the devices subsequently dropped by 90% between wk 
6 and 8. The devices had completely degraded by 10 wk 
(Fig. 3). 

Tissue Ingrowth and Vascularization of Devices 

Polymer devices were then implanted into the mes- 
enteric tissue of rats to determine both the tissue re- 
sponse to the implants, and the ability of these devices 
to guide the development of a vascularized, tubular 
tissue. Immediately following implantation, the host 
tissue did not interact with the devices (not shown), but 
by 3 days fibroblasts had begun to infiltrate the pores 
of the devices (Fig. 4a,b). Seven days after implanta- 
tion, the invading tissue had grown completely through 
the devices, and a layer of granulation tissue was formed 
on the luminal side of the implants (Fig. 4c, d). Vessels 
containing red blood cells were found throughout the 
newly formed tissue (Fig. 4d). Examination of this tis- 
sue at 56 days indicated that the devices had largely 
eroded by this point (Fig. 4e), and only under a high 
magnification could small remnants of the device be 
visualized (Fig. 4f). The formed tissue remained tubu- 
lar in structure at this time, with a small central lumen. 

Enterocyte Seeding 

Finally, to determine the ability of these devices to 
serve as delivery devices, enterocyte adhesion to these 
devices in vitro was investigated. Cell suspensions con- 
taining from 0.3 to 20 x 10 6 enterocytes/mL were in- 
jected into the lumen of the polymer devices, and 
enterocyte adhesion was assessed. The number of ad- 
herent cells was dependent on the concentration of in- 
jected cells, reaching a maximum of approximately 
200,000 cells per device (Fig. 5). Scanning electron mi- 
croscopic examination of cell seeded tubes revealed 
that this density of cells was essentially a monolayer, 
while adhesion of lower cell numbers resulted in an in- 
complete covering of the luminal surface of the devices 
with enterocytes (Fig. 6). 

DISCUSSION 

A shortage of donor tissue severely limits the appli- 
cation of organ transplantation and reconstructive sur- 
gery to a small percentage of those needing care (1). To 
alleviate this bottleneck in the source, a variety of 
groups have proposed engineering new tissue by trans- 
planting not entire tissues, but just the cells of inter- 
est (4, 1 1). For selective cell transplantation to become 



an effective therapy, methods must be developed to 
both deliver the transplanted cells efficiently to the de- 
sired location, and to guide the development of a func- 
tioning tissue from the originally disorganized cells. 

In this report we describe the design and fabrication 
of hollow, tubular devices to deliver cells and guide the 
formation of a vascularized tubular tissue when im- 
planted in vivo. Highly porous films were formed from 
a biodegradable polyester, and fabricated into hollow 
tubular devices. Fibrovascular tissue rapidly invaded 
these devices following implantation into experimental 
animals, resulting in the formation of a highly vascu- 
larized mesenchymal base tissue. The delivery devices, 
as shown in vitro and in vivo, were sufficiently stable 
to prevent collapse when placed under a compressive 
load. The devices were also designed to erode after sev- 
eral months in vivo, and the in vitro and in vivo stud- 
ies confirmed that the devices were largely degraded by 
2 mo. 

These results indicate that one can design and fab- 
ricate a cell delivery device to promote the formation 
of a specific tissue. The next step is clearly to utilize 
these devices to transplant selected cell populations and 
engineer specific tissue types. The potential of these de- 
vices to deliver cells was confirmed by the finding that 
enterocytes, one cell type of interest in tissue engineer- 
ing, attached to the devices and formed an organized 
cell layer on the luminal side of the device. Although 
a sufficient number of enterocytes attached to form a 
confluent cell layer, the efficiency of adhesion to these 
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Fig. 5. The density of enterocytes adherent to the device as 
a function of the density of enterocytes seeded. Enterocytes 
suspensions were injected into the lumen of devices, and al- 
lowed to attach. After 24 h, the caps on the tubes were re- 
moved, and adherent cells were removed with trypsin and 
counted in a Coulter counter. Values represent the mean ± 
the standard deviation of 4 measurements. 
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Fig. 6. Scanning electron photomicrographs of devices seeded with (a) 3 x 10* cells/mL, or (b) 0.045 x 10 6 cells/mL A lower 
power and higher power view is shown in each photomicrograph, and the original magnifications are indicated m the 
photomicrographs. 



devices was low, and surface modifications of the de- 
vice may be needed to improve cell adhesion. Another 
step would be to transplant several cell types to engi- 
neer tissues comprised of multiple cell types. For ex- 
ample, smooth muscle cells could be seeded on the 



exterior of the delivery devices, and intestinal cells on 
the interior. An important question in using these de- 
vices is when to place the newly engineered tissue on- 
line with the existing intestinal tissue. The devices 
implanted without cells maintained a tubular structure 
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with a small lumen over the 56 days of the experiment, 
even though the polymers had largely degraded by that 
time. Once the newly engineered intestinal tissue has 
been placed on-line, the transport of materials through 
the tissue may result in the maintenance of a large lu- 
men, but this issue will need to be investigated. 

In conclusion, these results indicate that it is possi- 
ble to design and fabricate a device to deliver a desired 
cell type, and guide the development of a desired tis- 
sue structure. The specific devices fabricated here may 
be useful in engineering a variety of tubular tissues, 
including intestine, blood vessels, and tracheas. Addi- 
tionally, this approach has allowed us to begin analyz- 
ing the assumption that a cell delivery device is capable 
of controlling the geometry, vascularization, and struc- 
ture of an engineered tissue. 
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Abstract. Culture of the human neoplastic submandibu- 
lar gland intercalated duct cell line, HSG, on the base- 
ment membrane extract Matrigel induces dramatic mor- 
phologic changes and cytodifTerentiation. Transmission 
electron microscopy demonstrated an acinar cell pheno- 
type with polarized cells containing a well-developed 
Golgi apparatus, multiple microvilli-like projections from 
the apical surfaces into a lumenal-like area, and numer- 
ous granule-like organelles. Amylase, an acinar cell 
marker, was detected by both immunocytochemical and 
Northern blot analyses. A 50% reduction in [^thymi- 
dine incorporation by cells cultured on Matrigel, as com- 
pared to cells cultured on tissue culture plates, confirmed 
the differentiated phenotype of the cells. Multiple com- 
ponents of Matrigel appear to contribute to the morpho- 
logic differentiation of the HSG cells since antibodies 
to both laminin and collagen IV; as well as the lamimn- 
derived bioactive peptide containing SIKVAV, have po- 
tent inhibitory effects on HSG cell organization on Ma- 
trigel. Collectively, these data indicate that culture of 
HSG cells on Matrigel is a useful model to study salivary 
gland acinar development. 



introduction 

During development and repair of the major salivary 
glands, the intercalated duct cell is believed to be the 
stem cell which gives rise to other ductal, myoepithelial 
and acinar cell types [5, 13, 29]. The pluripotential na- 
ture of the intercalated duct cell has also been suggested 
in several previous studies using a transformed cell line, 
HSG, cloned from an irradiated human submandibular 
gland. Characterization of the HSG cell line, including 
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expression of lactoferrin and secretory components, pro- 
vided substantial evidence that these cells were derived 
from the intercalated duct region [33]. In addition, these 
cells have been shown to have the potential to express 
a variety of phenotypes when exposed to a number of 
different exogenous agents in culture. For example, it 
has been reported that addition of sodium butyrate will 
induce expression of a myoepithelial phenotype [1]. 
When HSG cells were cultured in the presence of 5- 
azacytadine, several stable clones were derived, some de- 
veloping a myoepithelial phenotype and expressing myo- 
sin, while others became acinar-like and expressed amy- 
lase, a salivary acinar cell-specific protein [31]. More 
recently, retinoic acid has been shown to induce HSG 
cells to adopt a keratinocyte-like phenotype, with well 
developed cytokeratin filaments [2]. Finally, the stable 
acinar clone HSG-AZA3, established from the 5-azacy- 
tadine-treated cells, was induced to express a chondro- 
cyte-like phenotype by treatment with la,25 dihydroxy 
vitamin D3 [3]. Such studies demonstrate the pluripotent 
nature of these cells. 

While histologic descriptions of salivary gland devel- 
opment outline a sequence of events from the terminal 
bud stage to the completion of branching morphogenesis 
with distinct ductal and acinar cell elements [31], mecha- 
nisms essential to gland maturation have not yet been 
elucidated. Early studies of salivary gland development 
demonstrated that epithelial cell-mesenchymal cell inter- 
actions are vital to branching morphogenesis [17]. Sub- 
sequent investigations confirmed that the presence of 
extracellular matrix was essential in establishing and in 
maintaining the lobular morphologic appearance of de- 
veloping gland explants [4, 8], and that matrix-epithelial 
cell-mesenchymal cell interactions were required for sta- 
bility of the basement membrane in these explants [7, 
14, 35]. 

Extracellular matrices, in particular basement mem- 
brane proteins, are key modulators of morphogenesis 
and differentiation in a variety of specialized epithelial 
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tissues [18, 26]. Epithelial, endothelial and glandular cell 
differentiation has been observed in vitro with a substra- 
tum of reconstituted basement membrane, Matrigel [6. 
24, 43], Matrigel contains primarily laminin as well as 
collagen type IV, entactin/nidogen, heparan sulfate pro-, 
teoglycan and a number of growth factors including epi- 
dermal growth factor, fibroblast growth factor, platelet- 
derived growth factor, insulin-like growth factor and 
transforming growth factor beta [41]. In this study, we 
have evaluated the effects of in vitro culture of the pluri- 
potent HSG salivary cell line on Matrigel. 

Methods 

Cell Culture. The neoplastic HSG cell line, obtained as a gift from 
Dr. Mitsunobu Sato, Tokushima University, Japan, was main- 



tained in a complete medium of Dulbecco's Modified Eagle's Medi- 
um (DMEM)/Ham's F12 1:1 (Biofluids. Rockville. Md., USA) 
containing 10% fetal bovine serum (Biofluids). 292 ug/ml gluta- 
mine, and 100 U/ml penicillin-100 ug.ml streptomycin (Gibco, 
Grand Island, N.Y., USA). The cells were maintained at 37° C 
in a humidified 5% C0 2 /95% air atmosphere. 

Matrigel, collagen I, collagen IV and laminin culture assay. Matrigel, 
laminin and collagen IV were prepared as previously described 
[21, 22, 40]. Matrigel was diluted to lOmg/ml with media, rat 
tail collagen I (Sigma, St. Louis, Mo., USA) diluted to 2 mg/ml 
in 0.5 M acetic acid, collagen IV diluted to 0.8 mg/ml in 0.5 M 
acetic acid, or laminin diluted to 2 mg ml in media, was coated 
on the bottom of a 24 well (250 ul/16mm well) tissue cultured 
plate (Falcon, Cockeysville, Md., USA), and then incubated at 
37° C for 30 min. Complete medium (500 ul) was gently pipetted 
onto the Matrigel layer, followed by 8 x lO 4 cells, which had been 
released from culture dishes with a buffered 0.05% trypsin/ 
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Fig. 2. Light photomicrographs of 1 \im 
thick sections of HSG cells grown A on tis- 
sue culture plastic, or B on Matrigel. On 
the plastic (A), the cells formed a monolay- 
er and generally appeared undifferentiated. 
The spherical nuclei (N) were surrounded 
by cytoplasm (asterisk). On Matrigel (B), 
the cells organized into rounded acinar-like 
structures. The nuclei were often found in a 
basal position with abundant supranuclear 
cytoplasm (asterisk). Cells often assumed a 
columnar shape and appeared to organize 
around a lumen-like structure. Note the 
group of cells at the right of the photo- 
graph. Darkly-stained material was noted in 
the presumptive lumen (L). Dividing cells 
(Af) were noted both on plastic and on Ma- 
trigel. Both of these sections were cut paral- 
lel to the bottom of the dish. However, 
since the acinar-like structures resembled 
true acini, sections perpendicular or oblique 
to the section noted in B looked generally 
similar. Bars, 50 um 



0.53 mM EDTA solution (Gibco) and resuspended at 1 x 10 6 cells/ 
ml in complete medium. Parallel cultures on tissue culture plates 
were simultaneously prepared. The cells were photographed daily 
using phase photomicroscopy. At 72 h, cells from all culture condi- 
tions were fixed in 5% glutaraldehyde/0.2 M collidine buffer, post- 
fixed in a 1 : 1 mixture of 3% potassium ferrocyanide and 2% os- 
mium tetroxide, and Epon embedded. Thick sections of 1 urn were 
prepared and stained with toluidine blue. Subsequently, thin sec- 
tions were prepared and were photographed by transmission elec- 
tron microscopy using a JEOL 1200-EX. 

Immunocytochemistry. Matrigel cultures were harvested, embedded 
with Histo Prep Frozen Tissue Embedding Media (Fisher Scientific, 
Orangeburg, N.Y., USA), frozen in liquid nitrogen and stored at 
-70° C prior to sectioning. Cryostat sections were fixed in 4% 
formaldehyde at room temperature for 15 min, immersed in phos- 



phate buffered saline (PBS) containing 0.6% H 2 0 2 to inactivate 
endogenous peroxidase, and then the sections were blocked with 
non-immunized goat serum (Zymed Laboratory, San Francisco, 
Calif., USA). Human parotid gland frozen sections were used as 
a positive control. HSG cells, seeded onto 8-well glass chamber 
slides (Nunc, Naperville, 111., USA) and cultured for 72 h, were 
fixed with absolute methanol at -20° C for 15 min, immersed in 
0.06% H 2 0 2 , and blocked with non-immunized goat serum. Either 
rabbit antisera to human salivary amylase [kindly provided by Dr. 
Alfredo Aguirre (SUNY at Buffalo, N.Y., USA)], or normal rabbit 
serum (Gibco), were used as the primary antibody at a dilution 
of 1 : 100 and developed as per the Histostain-Sp Kit (Zymed Labo- 
ratory). 

Northern blot analysis. Parallel cell cultures on tissue culture dishes 
and on Matrigel were harvested at 48 h for extraction and isolation 
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of RNA using the guanidine thiocyanate method [10]. Total RNA 
was quantitated and stored in ethanol at -20° C. Twenty micro- 
grams of RNA was elect rophoresed in a 1.2% formaldehyde agar- 
ose gel, blotted onto a Nytran membrane (Schleicher and Schuell 
Keene, N.H., USA), cross-linked to the membrane by baking under 
vacuum, prehybridized and then hybridized with [a- 32 P]dCTP-Ia- 
beled human salivary amylase cDNA (ATCC, Rockville, Md., 
USA) labeled by the random primer method (specific activity of 
greater than 10 6 dpm/ug) using the Random- Primer DNA Labeling 
System kit (BRL, Gaithersburg, Md., USA). Hybridization with 
a 32 P-labeled 18S genomic DNA fragment encoding Schistosoma 
mansoni 18S ribosomal RNA was used to evaluate loading and 
transfer of RNA in the Northern blot assays. Densitometry was 
performed to normalize hybridized samples. 

pHj 'Thymidine incorporation. Parallel cell cultures on Matrigel and 
on tissue culture dishes in complete media were labeled with 0.5 uCi 
of [ 3 H]thymidine for one hour at 24 h intervals. After labeling, 
the media were aspirated. The cells were washed three times with 
PBS, and exposed to Dispase (Collaborative Research, Bedford, 
Mass., USA) for 30 min at 37° C. The contents of the well were 
thus released and pelleted. The cell pellets were resuspended in 
15% trichloroacetic acid (TCA) and allowed to precipitate over- 
night at 4° C. After centrifugation, the pellets were washed with 
5% TCA, centrifuged again, and resuspended in 0.1 N NaOH. 
Aliquots were added to Aquasol scintillant (Dupont, Boston, 
Mass., USA) and counted in a Beckman LS 3801 scintillation 
counter. Each time point was performed in triplicate and the exper- 
iment was repeated three times. 

Antibody inhibition assay. Antibodies to human placental laminin 
(Calbiochem, La Jolla, Calif., USA) and to human type IV collagen 
(Chemicon, Temecular, Calif., USA) as well as normal rabbit serum 
were heat inactivated at 56° C for 30 min. Each antibody was then 
added in duplicate to Matrigel-coated wells at a 1:10, 1:20 or 
1:40 final dilution in 100 ul of complete media containing heat 
inactivated serum. The culture plates were gently rocked for several 
minutes to allow for coating of the Matrigel surface. Then 8 x 10 4 



cells in 80 ul of complete media were pipetted into each well and 
the total media volume was brought to 500 ul. The cultures were 
maintained for a period of three days. The cells were fixed in 
cold absolute methanol, stained with hematoxylin and eosin, and 
photographed. 

Peptide inhibition assay. Synthetic peptides corresponding to lamin- 
in sequences, CSRARKQAASIKVAVSADR (residues 2091-2109) 
from the A chain, a YIGSR trimer (CYIGSRYIGSRYIGSR; resi- 
dues 929-933) from the short arm of the Bl chain, and a control 
inactive laminin-derived peptide, Y6, (residues 615-634) also from 
the short arm of the Bl chain were synthesized in the amide form 
and HPLC-analyzed as previously described [15]. The peptides 
were solubilized in DMEM and added in duplicate to Matrigel- 
coated wells at a concentration of 0.1 ug, 10.0 ug and 100.0 ug/well. 
Complete media (100 ul) were pipetted onto the wells and the cul- 
ture plates were gently rocked for several minutes in order to evenly 
coat the Matrigel surface. To each well 8 x 10 4 cells suspended 
in complete media were added and the total media volume was 
brought to 500 ul. The cultures were observed daily, maintained 
for three days, and then fixed in cold absolute methanol, stained 
with hematoxylin and eosin and photographed. 



Results 

The morphology of HSG cells on tissue culture plates 
and on Matrigel was examined. On plastic, these cells 
formed islands or clusters which coalesced as confluence 
was achieved (Fig. 1 A). One micron thick sections of 
these cells revealed a monolayer of cells with a relatively 
undifferentiated appearance, consisting of an often cen- 
trally located nucleus with cell organelles dispersed in 
the cytoplasm (Fig. 2 A). At times, large areas of the 
cytoplasm were devoid of organelles. Transmission elec- 
tron microscopic (TEM) analysis revealed the cell organ- 
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Fig. 3. Transmission electron mi- 
crographs of HSG cells grown on 
Matrigel. The presumptive lumen- 
al area (see Fig. 2B) is shown in 
the left panel (A). The apical sur- 
face of two cells are noted. Nu- 
merous finger-like, interdigitating 
plasma membrane projections 
(M) are seen in the lumen. The 
density inside the projections ap- 
pears very similar to microvilli 
projections, although in this in- 
stance they are far more irregular 
than typical microvilli. Arrow- 
heads point to. the plasma mem- 
branes of the cells. The cell on 
the right shows abundant gran- 
ule-like organelles (D) and a Gol- 
gi (G) apparatus adjacent to the 
nucleus (.V). Bars, 2 urn 
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Fig. 4. Immunocytochemical detection of amylase in frozen sections 
in HSG cells grown on glass slides (B). Bar, 50 um 

dies to be primarily mitochondria, with no secretory 
granules or granule-like organelles present (data not 
shown). 

When cultured on Matrigel, however, these cells ex- 
hibit a dramatic change in morphologic appearance, rap- 
idly aligning into a reticular network which, over the 
course of three days, breaks apart, often resulting in 
individual three dimensional cords with blunted, tight, 
multicellular termini (Fig. 1 B-D). One micron thick sec- 
tions of cells cultured on Matrigel for 72 h revealed these 
cells to be organized into acinar-like structures, with ba- 
sally-displaced nuclei and abundant supranuclear cyto- 
plasm (Fig. 2B). Transmission electron microscopic 
analysis revealed multiple microvilli-like structures at the 
apical surfaces projecting into a presumptive lumenal 
area (Fig. 3 A). In addition, there is the novel appearance 
of numerous granule-like organelles (Fig. 3B). This phe- 
notype, which is induced in response to Matrigel is indi- 
cative of a cell specialized for secretion. 

Frozen sections were immunostained for the presence 
of amylase to determine if an induction of salivary-spe- 
cific proteins accompanied the morphologic change ob- 
served in cells cultured on Matrigel. Antisera to human 
salivary amylase detected the exocrine secretory protein 
in the cytoplasm of cells cultured on Matrigel (Fig. 4 A), 
but not in cells cultured on glass slides (Fig. 4B). As 
well, normal rabbit serum applied in place of a primary 
antibody to sections of cells cultured on Matrigel was 
not immunoreactive. Total RNA was harvested from 
cells cultured either on Matrigel or tissue culture plates 
at 48 h and was probed for the presence of amylase 
message. An approximate 20-fold increase in induction 
of message for amylase was detected when cells were 
cultured on Matrigel (Fig, 5 A). 

Over a 72 h time period, the cells grown on plastic 
approached confluence, whereas the cells cultured on 
Matrigel grew considerably slower. [ 3 H]Thymidine in- 
corporation by cells on Matrigel was less than 50% of 
that incorporated by cells cultured on plastic for each 



of HSG cells grown on Matrigel (A). Amylase was not detected 
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Fig. 5. Northern blot detection of 1.8 kb amylase message in total 
RNA harvested from cells cultured on tissue culture plastic (P) 
or from cells cultured on Matrigel (M) (upper panel). For densito- 
metry quantitation, the loading of total RNA of each sample was 
normalized by hybridization with a 32 P-labeled probe for 18S nbo- 
somal RNA (lower panel) 
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Fig. 6. [ 3 H]Thymidine incorporation by cells cultured on tissue 
culture plastic (open circles) or by cells cultured on Matrigel (closed 
circles). Time points included 24 h, 48 h and 72 h (n = 3 for all 
time points, except tissue culture plastic at 12 h where n = 6). The 
mean +/_ standard deviations are plotted (except for cells on 
Matrigel at 24 and 48 h, where numerical values were too small 
to be plotted) 

time point tested, indicating a lengthened cell cycle 
(Fig. 6). 

As Matrigel is a mixture of several proteins, we at- 
tempted to discern the role of the two major constituents 
(laminin and collagen IV) in the differential process. 
First, HSG cells were cultured on a layer of laminin 
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Fig. 7. Antibody inhibition assay showing representative 16 mm 
wells of HSG cells grown on Matrigel in the presence of a 1 : 20 
dilution of A normal rabbit serum, B antibody to human laminin, 
or C antibody to human collagen type IV. Bar, 4 mm 



in an effort to determine if the morphologic change/ 
cytodififerentiation was primarily in response to this pro- 
tein. While HSG cells cultured on laminin alone under- 
went a morphologic change similar to that seen on Ma- 
trigel, electron microscopic analysis revealed that the 
cells were not polarized and looked similar to those cul- 
tured on tissue culture plastic, with the exception that 
cells cultured on laminin did have microvilli such as 
those seen in cells cultured on Matrigel (data not shown). 
HSG cells cultured on either collagen I or on collagen 




Fig. 8. Laminin-derived peptide inhibition assay showing dose re- 
sponse of HSG cells grown on Matrigel in the presence of A 10 u.g 
of SIKVAV peptide, B 100 ug of SIKVAV peptide and C 100 ug 
of the control peptide, Y6. The response of the cells to 0.1 ug 
of SIKVAV was equivalent to that seen in C Bar, 4 mm 



IV expressed a phenotype similar to that seen on tissue 
culture plastic (data not shown). Next, antibodies to la- 
minin and to collagen type IV were used to examine 
further the role of these proteins in the morphogenetic 
changes. Antibodies to both proteins inhibited the orga- 
nization of HSG cells on Matrigel (Fig. 7). While the 
cells did align into the reticular network, coculture of 
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cells with laminin antibodies resulted in formation of 
thicker cord-like structures which did not separate 
(Fig. 7B). In the presence of collagen IV antibodies, the 
cells formed a fine reticular network which was distinct 
from the response to Matrigel alone (Fig. 7C). Examina- 
tion at a higher power revealed that the cells in the net- 
work patches were flat and had a monolayer appearance 
(not shown). The effect of the antibodies was sustained 
for the three day duration of the experiment and was 
most potent at a 1 :10 dilution for the laminin antisera 
relative to normal rabbit serum. The effect was also evi- 
dent at a 1 :20 dilution. A 1 :10 dilution of the collagen 
type IV antibody did not allow cell attachment (data 
not shown). This further indicates the importance of 
type IV collagen in cell attachment, since the control 
sera and the laminin antibodies did not have this effect. 

Since several active domains of laminin have been 
defined by synthetic peptides [15, 23, 38, 39], we assessed 
whether such peptides could influence the morphologic 
differentiation of HSG cells on Matrigel. A synthetic 
peptide corresponding to a site on the A chain of laminin 
containing the SIKVAV sequence, did show a dose-de- 
pendent inhibition of the organization of HSG cells on 
Matrigel (Fig. 8). Other laminin derived peptides tested, 
including the bioactive YIGSR and inactive Y6, essen- 
tially had no inhibitory effect (Fig. 8C). We conclude 
that both laminin and collagen IV are required for the 
cytodifferentiation of these cells. 



Discussion 

Here we have demonstrated that pluripotent, neoplastic 
HSG intercalated duct cells, which have previously been 
shown to express a variety of phenotypes [1, 2, 3, 32], 
can be induced to express an acinar phenotype when 
cultured on basement membrane Matrigel. Transmission 
electron microscopic analysis of cells cultured for 72 h 
on Matrigel revealed cells tightly bound to each other, 
with secretory cell characteristics, including apical sur- 
faces lined with microvilli-like projections, a well-devel- 
oped Golgi and granule-like organelles. [ 3 H]Thymidine 
incorporation by cells cultured on Matrigel was approxi- 
mately half that of cells cultured on plastic and was 
similar to the doubling time of HSG-AZA3 cells, an 
acinar-like stable clone which also expresses amylase 
[32]. Furthermore, amylase, an exocrine secretory pro- 
tein considered a marker for acinar cells, was detected 
by both Northern blot and immqnocytochemistry. These 
data are consistent with the intercalated duct cell-like 
characteristics of the HSG cells and with the hypothesis 
that the intercalated duct cell is a salivary stem cell. 

While early investigations into salivary gland devel- 
opment established that mesenchymal cell-epithelial cell- 
matrix interactions are important for stability of the lo- 
bular morphologic appearance [4, 7, 35], the mecha- 
nisms for this differentiation remain unclear. Here we 
have demonstrated that basement membrane proteins 
are key modulators of morphogenetic change and of 
cytodifferentiation of the HSG intercalated duct cells. 
Matrigel has been used in many laboratories as a means 



of preserving, enhancing or inducing the differentiated 
phenotype of a variety of epithelial cells, including rat 
salivary submandibular rudiments [18, 26, 37]. Recently, 
the control of mammary tissue-specific gene expression 
of jS-casein by mouse mammary epithelial cells in vitro 
has been linked specifically to contact of these cells with 
reconstituted basement membrane in culture, in the ab- 
sence of cell-cell contact or mesenchymal cues [36] . 

We have also determined through antibody inhibition 
assays, that at least laminin and collagen type IV are 
necessary for the organization of HSG cells on Matrigel. 
These data are consistent with those of Cutler, who re- 
ported that addition of laminin antibodies to 16 day 
embryonic rat submandibular gland rudiments in culture 
reduced levels of cytodifferentiation, while addition of 
collagen IV antibodies essentially blocked morphogene- 
sis and cytodifferentiation [11]. 

The culture of differentiated rodent and murine sali- 
vary acinar cells has been intensely pursued in several 
laboratories [12, 28, 30], and Matrigel has been a sub- 
stratum of choice in maintaining the differentiated phe- 
notype in several of these model systems. These cultures 
are generally short-lived and require dissection and dis- 
sociation of explants. Here, we demonstrate induction 
of cytodifferentiation of an undifferentiated human neo- 
plastic salivary duct cell to an acinar phenotype, com- 
plete with the cells related in an acinar-like structure. 
Although this system utilizes a transformed duct cell 
line as opposed to cells isolated in a differentiated state, 
it offers a predictable and readily available model to 
further study salivary gland tissue-specific gene expres- 
sion mediated by extracellular matrix proteins. Since 
acinar maturation coincides with innervation in the de- 
veloping rat [31], it may be that enhanced expression 
of amylase or induction of other salivary specific pro- 
teins such as proline-rich proteins or submandibular- 
specific cystatin, can be accomplished through addition 
of neurotransmitters or hormones. Other soluble pro- 
teins, such as growth factors, could also play an impor- 
tant role in morphogenetic events. For example, epider- 
mal growth factor (EGF) (which is in Matrigel) has re- 
cently been reported as an epigenetic factor in lung 
branching morphogenesis [42]. and was found to en- 
hance branching morphogenesis in salivary gland rudi- 
ments cultured in Matrigel [27]. 

While culture of HSG cells on laminin alone induced 
organization of HSG cells in a macroscopic manner sim- 
ilar to that of HSG cells cultured on Matrigel, TEM 
analysis did not indicate an induction of cytodifferentia- 
tion by laminin. Since the SIKVAV site appears to be 
active in blocking HSG cell organization on Matrigel, 
a role for laminin is clear. Thus, these data demonstrate 
that laminin has a role in cytodifferentiation but that 
laminin alone is not sufficient. It is interesting to note 
that a YIGSR-containing peptide derived from laminin 
was inactive with HSG cells. Previously, we found that 
a submandibular tumor cell line A253 differentiated on 
Matrigel and this response was blocked by SIKVAV 
containing peptides, but not by YIGSR [20]. In contrast, 
YIGSR-containing peptides were previously shown to 
inhibit endothelial cell differentiation and outgrowth 
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from the neural crest when plated on Matrigel [9, 16]. 
In fact, endothelial cells have been shown to recognize 
at least two sites (YIGSR and RGD) on laminin, and 
peptides comprising both sites block differentiation into 
capillary-like structures. The present study therefore de- 
scribes a unique specificity, to date, of the HSG cells 
in their interaction with laminin. Since laminin has at 
least seven active sites described by synthetic peptides 
[15, 23, 34, 38, 39] and others are likely to exist, it is 
possible that HSG cells recognize additional sequences 
in laminin. It should also be noted that isoforms of la- 
minin have recently been described [19, 25] and their 
role in the developing salivary gland is yet to be deter- 
mined. 
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ABSTRACT A replication-deficient, recombinant adeno- 
virus encoding human aquaporin-1 (hAQPl), the archetypal 
water channel, was constructed. This virus, AdhAQPl, di- 
rected hAQPl expression in several epithelial cell lines in vitro. 
In polarized MDCK cell monolayers, hAQPl was localized in 
the apical and basolateral plasma membranes. Fluid move- 
ment across monolayers infected by AdhAQPl in response to 
an osmotic gradient was ^4-fold that seen with uninfected 
monolayers or monolayers infected by a control virus. When 
AdhAQPl was administered to rat submandibular glands by 
retrograde ductal instillation, significant hAQPl expression 
was observed by Western blot analysis in crude plasma 
membranes and by immunohistochemical staining in both 
acinar and ductal cells. Three or four months after exposure 
to a single radiation dose (17.5 or 21 Gy, respectively), 
AdhAQPl administration to rat submandibular glands led to 
a two- to threefold increase in salivary secretion compared 
with secretion from glands administered a control virus. 
These results suggest that hAQPl gene transfer may have 
potential as an unique approach for the treatment of postra- 
diation salivary hypofunction. 



Each year in the United States ^40,000 new cases of head and 
neck cancer are diagnosed (1). For most of these patients, 
ionizing radiation is a key component of therapy. However, 
such treatment often results in severe damage to the fluid- 
secreting portion (acinar cells) of the salivary glands that lie in 
the radiation field (2-5). Patients with reduced salivary secre- 
tion suffer from dysphagia, xerostomia, mucositis, dental 
caries, and frequent oropharyngeal infections. Their quality of 
life is significantly diminished. Despite recognition and study 
of these sequelae for most of this century, the mechanism of 
radiation-induced salivary hypofunction remains unclear, and 
no corrective treatment is currently available. The surviving 
salivary epithelial cells are predominantly ductal, considered 
to be salt absorptive, relatively water impermeable, and inca- 
pable of generating salivary fluid. 

As a novel strategy to treat this condition, we have chosen 
to apply gene transfer technology to alter postradiation sur- 
viving ductal cell function. In a normal salivary gland, acinar 
cells secrete an isotonic "primary" fluid, from which consid- 
erable NaCl is resorbed during passage through the ductal 
system. Although currently very little is known about ion 
transport pathways in salivary ductal segments (6, 7), at least 
four such components are considered to be present in ductal 
cell luminal membranes (6). These are an epithelial Na + 
channel (6, 8); a CI" channel, likely the cystic fibrosis trans- 
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membrane conductance regulator (6, 9); a Na + /H + exchanger 
(6, 9); and a K + /H + exchanger (6, 10). The first three 
components are believed to be important to NaCl resorption 
by ductal cells (6, 11). The K + /H + exchanger, on the other 
hand, is thought to be responsible for the secretion of K + and 
HCC>3~, both of which are typically found well above serum 
levels in the final saliva (6, 10). 

In the absence of acinar cells, such as would occur after 
extensive therapeutic irradiation (2, 12), no primary fluid 
would be generated and, thus, the Na + channel, CI" channel 
and Na + /H + exchanger would be practically inoperative. 
However, the luminal K + /H + exchanger could continue to 
function and, in the presence of CO2 (HCOj , H + ), to secrete 
KHCO3. Accordingly, we have speculated that this K + /H + 
exchanger could contribute to the generation of an osmotic 
KHCO3 gradient (luminal > interstitial), which would allow 
significant fluid movement into the lumen across ductal cells 
if a facilitated water permeability pathway, such as a water 
channel, was present. Currently, however, no known water 
channel has been identified in salivary intralobular and excre- 
tory duct membranes (13, 14). 

Based on this rationale, we thought to introduce a facilitated 
water permeability pathway in salivary glands exposed to 
radiation via a recombinant adenovirus. Replication-deficient 
recombinant adenoviruses have been used for efficient gene 
transfer to mammalian epithelial cells in vitro and in vivo 
(15-19). Aquaporins (AQPs) are a recently described family of 
water channel proteins (13, 20, 21). The prototype is AQP1, a 
28-kDa protein first isolated from human red blood cells 
(22-24). AQP1 is a constitutively activated water channel, 
which does not exhibit a polarized membrane distribution in 
most epithelia (13, 20, 21). Furthermore, within salivary 
glands, AQP1 is only detected in venules and capillaries, but 
not in parenchymal cells (14, 25). 

In the present report, we describe the construction of a 
recombinant adenovirus encoding human AQP1 (hAQPl). 
We show that this virus can direct hAQPl expression in vitro 
in several epithelial cell lines and in vivo in salivary gland 
parenchyma. When the virus is administered to rat salivary 
glands that have been irradiated and rendered either modestly 
or markedly hypofunctional, salivary flow rate is dramatically 
increased. Our findings suggest that hAQPl gene transfer may 
provide a novel therapeutic approach for patients with pos- 
tradiation salivary hypofunction. 

METHODS 

Construction of AdhAQPl. The hAQPl cDNA (22) was 
directly cloned into the adenovirus shuttle vector pACCMV, 

Abbreviations: AQP, aquaporin; hAQPl, human aquaporin 1; MOI, 

multiplicity of infection; pfu, plaque-forming units. 
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which was generously provided by C. Newgard (University of 
Texas Southwestern Medical Center, Dallas). To do this, PCR 
primers were designed to amplify the hAQPl cDNA (**3 kb) 
and to add restriction sites for cloning. The sense primer was 
5 '-GGCGGGTACCAGCTCTCAGAGGGA ATT- 
GAGCACCCGGCAGCGGTCTCAGG-3', and contained a 
Kpnl site and 19 nucleotides corresponding to the 5' untrans- 
lated sequence that was not present in the plasmid cDNA. The 
antisense primer was 5'-GCCGGGATCCGGAAACAGC- 
TATGACCATG-3 ' , and contained a BamUl site. PCR am- 
plification was performed using the hAQPl cDNA (22) as a 
template (1 min at 94°C, 1 min at 59°C, 2 min at 72°C, 35 cycles) 
and a GeneAmp PCR reagent kit (Perkin-Elmer). The PCR- 
amplified hAQPl cDNA was inserted at the Kpnl and BamHl 
sites of pACCMV to yield the plasmid pCMVhAQPL pCM- 
VhAQPl was then cotransfected with pJM17, which contains 
the adenovirus type 5 sequence, in 293 cells as described (26) 
to yield AdhAQPl. AdhAQPl is a replication-deficient re- 
combinant adenovirus encoding hAQPl and including a cy- 
tomegalovirus promoter and simian virus 40 polyadenylylation 
site. This virus was subsequently plaque-purified, grown in 
large quantity, and purified by CsCI gradient centrifugation 
(26). The titer of the virus, determined by limiting dilution 
plaque assay, was 4 X 10 11 plaque-forming units (pfu)/ml. 

Northern and Western Blot Analyses. Oligonucleotide 
primers were designed to amplify «*813 bp of the hAQPl 
cDNA as a probe for Northern blot analyses. The primers used 
were as follows: sense, 5 ' - ATGGCCAGCGA A ATCA AGA A- 
3'; antisense, 5'-CCTCTATTTGGGCTTCATCTC-3\ PCR 
amplification was performed as above using 20 pmol of 
primers with Bluescript II (SK-) containing the hAQPl 
cDNA (22) as template. A band of «*813 bp was obtained after 
agarose gel electrophoresis. The PCR product was purified on 
a Select-D, G-50 column (5' — > 3'). Northern blots were 
performed using poly(A) + RNA essential as previously de- 
scribed (27). Western blot analyses, using an affinity-purified 
antibody against hAQPl (dilution 1:1000; ref. 14), were per- 
formed on samples of cultured cell, or submandibular gland, 
membranes as previously reported (27, 28). 

Localization and Function of hAQPl in MDCK Cells. The 
distribution of hAQPl in MDCK cells (strain MDCK-c, a 
cyst-forming clone, a gift from J. Grantham, University of 
Kansas) was determined by confocal microscopy as previously 
described (27), using the above affinity-purified antibody. 
Cells were grown to confluence on 24.5 -mm Transwell-Col 
culture chambers (Costar). The secondary antibody used was 
a fluorescein isothiocyante-conjugated goat anti-rabbit IgG 
(Jackson ImmunoResearch). Samples were examined in a 
Nikon Optiphot photomicroscope equipped with a Bio-Rad 
MRC-1000 laser scanning confocal imaging system (Bio-Rad), 
using a Krypton/Argon laser as light source. The net fluid 
secretion across polarized MDCK cell monolayers was deter- 
mined using a modification of the technique of Neufeld et al. 
(29) as reported earlier (27). The apical fluid medium was 
replaced by a hyperosmotic medium (400 mosm), and fresh 
isosmotic medium was placed at the basal side. After 4 h, the 
liquid in the apical chamber was collected with a calibrated 
pipette, and net fluid movement (water flow) determined. 

Immunohistochemical Detection and Localization of 
hAQPl in Rat Submandibular Glands. hAQPl localization in 
submandibular glands was determined by immunohistochem- 
istry using the affinity-purified antibody to hAQPl (dilution 
1:100) and a Histostain SP kit (Zymed). Sections from paraf- 
fin-embedded submandibular glands were prepared from both 
irradiated (see below) and sham-irradiated glands, which had 
been infected with 5 X 10 9 pfu of either Addl312 (a control, 
replication-deficient adenovirus that encodes no transgene, 
ref. 26) or AdhAQPl. Quantitation of the proportion of cells 
expressing hAQPl in control and AdhAQPl -infected glands 
was achieved by counting immunopositive and total cells in 



4-6 high-power fields using gland pairs from two or three 
animals and an optical grid. All cell counting was done by one 
examiner. 

Rat Irradiation, Gene Transfer, and Saliva Collection and 
Analysis. Male Wistar rats (250-300 g) were irradiated with a 
single dose of either 17.5 or 21 Gy, with the ventral surface of 
their necks exposed to the source. Control animals were 
sham-irradiated, i.e. anesthetized and placed in the irradiator, 
but not exposed to ionizing radiation. After 3 months (17.5 Gy) 
or 4 months (21 Gy), all rats were subjected to in vivo 
adenoviral-mediated gene transfer (5 X 10 9 pfu of either 
Addl312 or AdhAQPl) to the submandibular glands by ret- 
rograde ductal instillation (19, 30). Animals received 1 mg of 
dexamethasone (i.m. injection) at the time of gene transfer and 
each day until saliva collection to suppress inflammation, due 
to adenoviral infection, and preserve salivary function (30). 
Saliva was collected 3 days after this infection. The subman- 
dibular glands were again cannulated and saliva collected for 
10 min after retrograde injection of 25 fx\ of pilocarpine (5 
mg/ml), and for an additional 5 min after intramuscular 
injection of pilocarpine (5 mg/kg). Saliva volumes were de- 
termined gravimetrically after the 15-min collection. Na + and 
K + concentrations in rat submandibular saliva samples were 
determined as previously described (31). 

RESULTS 

AdhAQPl-Mediated hAQPl Expression in Vitro. AdhAQPl 
was constructed by homologous recombination between pC- 
MVhAQPl and pJM17 plasmids, and its structure verified by 
restriction and sequence analyses. The ability of AdhAQPl to 
direct the expression of hAQPl was initially assessed in 293 
cells (human kidney) in vitro by both Northern blot and 
Western blot analyses. Northern blot analysis showed no 
hAQPl transcript present in uninfected 293 cells (data not 
shown) or in 293 cells infected for 24 h with an adenovirus 
expressing a-1 antitrypsin (AdalAT; see ref. 15; Fig. 1A). 
However, in Ad hAQPl -infected 293 cells, abundant amounts 
of a hybridization-positive transcript of «*3 kb were detected 
24 h postinfection (Fig. 1A). This is the length of the transcript 
expected for hAQPl (22). Western blot analysis of AdhAQPl- 
infected 293 cells showed the presence of both the nonglyco- 
sylated (^28 kDa) and glycosylated (^35-45 kDa) forms of 
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Fig. 1. hAQPl expression in 293 cells and other epithelial cells. 
(A) Northern blot analysis was performed using 10 txg of total RNA, 
and 293 cells were infected at a MOI of 100 with either Ada 1 AT or 
AdhAQPl and hybridized with a 813-bp radiolabeled probe of hAQPl 
as described in Methods. (B) Ten micrograms of crude membranes 
from 293 cells infected at a MOI of 100 with either AdalAT or 
AdhAQPl were analyzed by Western blot as described in Methods. (C) 
Ten micrograms of crude membranes from MDCK and SMIE cells 
were analyzed by Western blot as above. The cells were infected at a 
MOI of 100 with either Ada 1 AT or AdhAQPl. 
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hAQPl (Fig. IB) (22, 23). Additionally, we have observed that 
AdhAQPl was able to drive hAQPl expression in other 
epithelial cell lines, e.g. MDCK (derived from dog kidney) and 
SMIE (derived from rat submandibular) cells (Fig. 1C). 

Sorting and Function of hAQPl in MDCK Cells After 
AdhAQPl Infection. MDCK cells were used to study the 
sorting and function of the hAQPl protein after AdhAQPl 
infection. These cells are able to form polarized monolayers 
with distinct apical and basolateral membranes when grown on 
collagen-coated permeable filters (32). Uninfected MDCK 
cells (not shown) and cells infected with AdalAT (Fig. 24 and 
B) at a multiplicity of infection (MOI) of 100 showed no 
hAQPl expression. Conversely, cells infected with AdhAQPl 
exhibited hAQPl immunolabeling at both the apical and 
basolateral membranes (Fig. 2 C and £>), similar to its distri- 
bution in vivo for several epithelial and endothelial cells (13, 
20, 21). 

We used MDCK cells as an in vitro model to determine if the 
AdhAQPl-directed hAQPl protein expression led to in- 
creased water permeability (27, 29). The net movement of 
fluid across MDCK cells was measured in the presence of a 
transepithelial (apical > basal) osmotic gradient. After 4 h 
incubation, the net fluid movement across uninfected cells, or 
cells infected with AdalAT, was similar, approximately 1 
/xl/cm 2 per h. However, in AdhAQPl-infected MDCK cells net 
fluid movement was increased ^4-fold (Fig. 3), demonstrating 
that the expressed hAQPl was functional. 

AdhAQPl-Mediated hAQPl Expression in Vivo in Rat Sub- 
mandibular Glands. To determine if AdhAQPl infection 
could lead to hAQPl expression in vivo, we administered 
AdhAQPl to rat submandibular glands via retrograde ductal 
instillation. After 24 h we prepared membranes from these 
glands and from glands either infected with Addl312, or 
uninfected. Membranes from uninfected rat submandibular 
glands (data not shown) or glands infected with Addl312 
showed evidence of some nonglycosylated and glycosylated 
forms of AQP1 (Fig. 4A). This represents the endogenous rat 
AQP1, which is known to be present in blood vessels within the 
gland (Fig. 5A; see ref. 14). After infection with AdhAQPl, 
AQP1 levels in membranes from whole glands were increased 
^5-fold as judged from Western blot analyses (Fig. 4A). We 
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Flu. 3. Net fluid secretion rate of MDCK cells. Net fluid secretion 
rate of control, AdalAT-(MOI of 100)- and AdhAQPl-(MOI of 
100)-infected MDCK cells was measured as described in Methods. The 
results are expressed as water flow in microliters of fluid secreted per 
cm 2 per h and are the mean ± SEM of three separate experiments, 
each performed in triplicate. The results were analyzed using an 
ANOVA. *, P < 0.05 compared with control and AdalAT-infected 
cells. 

also obtained samples of control and AdhAQPl-infected 
glands for localization of hAQPl in various gland cell types. In 
nonirradiated glands infected with Addl312, 2.1 ± 0.5% 
(mean ± SEM) of the cells were immunopositive for AQP1 
(these represent endothelial cells in capillaries and venules; 
refs. 14, 25). Similarly, Addl312-infected, irradiated (17.5 Gy) 
glands showed low levels of cellular immunolabeling (1.6 ± 
0.3%). AdhAQPl-infected glands showed high AQP1 immu- 
nolabeling levels in both acinar and ductal cells (Fig. 5B). In 
AdhAQPl-infected nonirradiated glands 15.0 ± 3.6% of the 
cells were immunopositive; a significant increase above that 
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Fig. 2. Localization of hAQPl in polarized MDCK cells. Confluent MDCK cells, grown on filters, were infected for 24 h at the basolateral 
side at a MOI of 100 with either AdalAT (A and B) or AdhAQPl (C and D), hAQPl expression was determined as described in Methods. 
Micrographs of horizontal (ry; A and C), and vertical (xz; B and D) optical sections through MDCK cells are shown. 
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Fig. 4. Expression and function of the recombinant hAQPl in vivo. 
(A) Ten micrograms of crude membranes from rat submandibular 
glands, which were cannulated and infected for 24 h with 5 X 10 9 pfu 
of either Addl312 or AdhAQPl, were used for Western blot analysis 
as in Fig. 1. (B) Submandibular glands of sham-irradiated (Non-IR) or 
irradiated (IR) rats were cannulated and retrograde instilled with 5 x 
10 9 pfu of either Addl312 (hashed bar) or AdhAQPl (solid bar), and 
then saliva was collected after 3 days as described in Methods. The 
results are expressed as saliva secretion in microliters per 100 g of rat 
body weight per 15 min and are the mean ± SEM. The results were 
analyzed using an ANOVA. *, P < 0.05 between the, two groups with 
different instilled viruses. 

seen in Addl312-infected glands (P < 0.05). In irradiated 
glands infected with AdhAQPl, the proportion of cells ex- 
pressing AQP1 was significantly greater (33.6 ± 1.34%; P < 
0.05) 

Saliva Secretion from Ad hAQPl- Infected Rat Submandib- 
ular Glands. We next determined if the expression of hAQPl 
occurring subsequent^to AdhAQPl infection was associated 
with increased salivary fluid secretion. We first examined 
salivary secretion from rat submandibular glands that were 
either sham-irradiated or given a single exposure of 17.5 Gy. 
Three months postsham or actual irradiation, all animals were 
infected with either Addl312 or AdhAQPl. As shown in Fig. 
4B, when compared with sham-irradiated rats, rats exposed to 
radiation and administered Addl312 exhibited a modest, 
^30%, but not statistically significant, reduction in saliva 
production. We next compared the effect of AdhAQPl infec- 
tion on salivary secretion in sham-irradiated and irradiated 
animals. AdhAQPl had a modest, but not significant, effect on 
salivary secretion in the sham-irradiated animals. However, in 
the irradiated rats, AdhAQPl infection resulted in a higher 
level of saliva production. Salivary secretion in these animals 
was ^3-fold (P < 0.05) that observed from glands of irradiated 
animals infected with the control virus (Addl312). 

Saliva also was collected from submandibular glands of an 
additional set of rats that were either sham-irradiated or given 
a single radiation dose of 21 Gy (Table 1), a condition expected 
to result in greater salivary hypofunction. In this group of 
animals, infection with either Addl312 or AdhAQPl was 
performed at 4 months postirradiation. Saliva secretion from 
the sham-irradiated and Addl312-infected glands was 36.6 ± 
6.8 /xl/lOO g. Salivary secretion from irradiated glands infected 
with Addl312 was significantly lower, by 64% (P < 0.05; 13.2 ± 
3.7 plI/100 g) than from the sham-irradiated group, consistent 
with greater salivary hypofunction. AdhAQPl infection of 
sham-irradiated glands was without effect on salivary secretion 
(28.4 ± 8.0 ptl/100 g) compared with that seen with Addl312- 
infected glands (above). However, AdhAQPl -infection of 
irradiated glands resulted in a *« 2-fold increase in submandib- 
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Fig. 5. Localization of hAQPl in rat submandibular glands in- 
fected with AdhAQPl. hAQPl localization was determined by immu- 
nohistochemistry (see Methods) on paraffin sections from sham- 
irradiated rat submandibular glands infected with 5 X 10 9 pfu of either 
Addl312 (A) or AdhAQPl (B). Arrows indicate endothelial cells in e 
capillaries and venules, a, acinar cells; d, ductal cells. Similar results 
were found with irradiated glands (not shown). 

ular gland secretion (30.6 ± 3.5 /xl/100 g) compared with 
Addl312-infected glands (above; P < 0.05). 

DISCUSSION 

We have constructed a recombinant adenovirus, AdhAQPl, 
and shown that it mediated hAQPl expression in membranes 
of epithelial cell lines from several species (human, dog, rat) 
in vitro. The recombinant hAQPl protein exhibited several 
characteristics typical of native hAQPl (13, 20, 21): (i) the 
presence of nonglycosylated and glycosylated forms; (ii) a 
nonpolarized membrane distribution; and (Hi) the ability to 
mediate the transepithelial movement of fluid. AdhAQPl also 



Table 1. Effect of AdhAQPl infection on secretion by rat 
submandibular glands irradiated with 21 Gy 





Saliva secretion after viral infection, 
jml/100 g body weight per 15 min 




Experimental group 


Addl312 AdhAQPl 




Sham-irradiation 
21 Gy irradiation 


36.6 ± 6.8 a (« = 4) 28.4 ± 8.0 C (n = 
13.2 ± 3.7 a ' b - c (n = 6) 30.6 ± 3.5 b (n = 


6) 
9) 



Animals were either sham-irradiated or their salivary glands were 
exposed to a single radiation dose of 21 Gy. Four months later, either 
a control virus (Addl312) or AdhAQPl was administered via retro- 
grade ductal instillation to the submandibular glands. Three days later 
saliva was collected from these glands. The numbers in parentheses 
represent the number of animals in each treatment group. Values are 
mean ± SEM; values with the same superscript letter are significantly 
different, P < 0.05, by a Student's t test. 



3272 Medical Sciences: Delporte et al 



Proc. Natl Acad. Sci. USA 94 (1997) 



mediated hAQPl expression in rat submandibular gland mem- 
branes in vivo. Both acinar and ductal cell types were targets 
for the virus. This wide distribution is consistent with our 
earlier studies using an adenovirus encoding a reporter gene 
(/3-galactosidase) to evaluate infected cell populations (19). 

The impetus for this study was to test a novel strategy for 
increasing fluid secretion in human salivary glands exposed to 
ionizing radiation. As noted above, in humans, such radiation 
especially damages the primary fluid secreting acinar cells, 
whereas the ductal cells are much less affected. For patients 
this can result in a marked reduction of salivary flow (4, 5). We 
used rat salivary glands, which are a convenient and often-used 
model to study secretory irradiation damage, to test this 
strategy. Although rat salivary glands are considered relatively 
more radioresistant than primate and human glands (2), at 
higher cumulative radiation doses and longer postradiation 
times rat salivary glands show similar morphological changes 
(loss of acinar cells) and marked secretory dysfunction (33- 
36). In the present study, three months after exposure to 17.5 
Gy, rats exhibited a modest reduction (^30%) in salivary flow, 
but no striking morphological changes in their glands. None- 
theless, salivary secretion was markedly increased if the irra- 
diated glands were infected with AdhAQPl versus the control 
virus Addl312. When salivary glands were exposed to a higher 
radiation dose (21 Gy), and salivary secretion measured 4 
months postirradiation, salivary flow rates were dramatically 
lower (64%), and the submandibular gland parenchyma ex- 
hibited clear morphological changes (data not shown). These 
results are consistent with previous observations, reflecting an 
experimental situation more like that observed in irradiated 
patients (e.g., refs. 12, 33, 35). Most importantly, administra- 
tion of AdhAQPl to these more severely affected rat salivary 
glands was able to enhance salivary secretion significantly, 
approaching levels seen with sham-irradiated glands infected 
with control virus (30.6 ± 3.5 /llI/100 g vs. 36.6 ± 6.8 ptl/100 
g, respectively). Thus, the strategy suggested above for increas- 
ing fluid secretion from irradiated human salivary glands was 
able to increase fluid secretion from irradiated rat salivary 
glands. 

At present the exact mechanism by which this increase in 
fluid secretion from irradiated rat salivary glands occurs is 
unknown. The hypothesis described above, i.e. fluid movement 
in response to a KHC03-generated osmotic gradient, is spec- 
ulative. We have, however, determined the [K + ] and [Na + ] in 
the saliva collected from irradiated submandibular glands 
infected with either Addl312 or AdhAQPl. Although this 
saliva reflects a mixture of fluid output from all parenchymal 
tissue present, some of which may be more severely affected by 
radiation than others, interestingly we found that [K + ] in saliva 
from animals administered AdhAQPl had >40% higher [K + ], 
99.1 ± 7.4 mM, than the [K + ] found in saliva of animals 
infected with Addl312 (69.6 ± 10.6; P < 0.05). Conversely, no 
difference was observed in salivary [Na + ] between these two 
groups (14.1 ± 2.9 vs. 15.} ± 2.7 mM). While these results are 
generally in keeping with the above hypothesis, considerably 
more study is necessary to understand the mechanism for 
AdhAQPl-mediated increases in fluid secretion from irradi- 
ated glands. An additional, but unexpected, finding was that we 
observed that more (^2-fold) glandular parenchymal cells 
were transduced by AdhAQPl in irradiated glands than in 
sham-irradiated glands. The reason for this difference is not 
known, but it was a consistent finding in all animals examined 
and likely contributed to the increased saliva secretion mea- 
sured. 

There are two current, significant, and presently inescapable 
limitations to fully understanding the results presented here. 
First, relatively little is known about the physiology of salivary 
ductal cells, and what is known represents a mixture of findings 
from different ductal segments (intralobular; main excretory; 
refs. 6-10). Second, the exact nature of radiation damage to 



salivary glands (human and rodent) is not clear and, indeed, is 
considered enigmatic (3, 36-40). Obviously, designing a spe- 
cific molecular approach to alter ductal cell function requires 
detailed knowledge of the molecules functioning normally and 
pathologically, a situation presently impossible to realize. 
What is clear, however, is that AQP1 gene transfer to both 
modestly affected and significantly dysfunctional, irradiated 
rat submandibular glands leads to enhanced salivary secretion 
from these glands. These findings, obtained with two sepa- 
rately irradiated and treated cohorts of animals, strongly 
support the possibility of using gene therapy to correct the 
defects in salivary glands that occur subsequent to therapeutic 
irradiation. This approach may have the potential to improve 
salivary function and relieve the considerable morbidity ex- 
perienced by patients. 
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ABSTRACT 

Aquaporln 1 (AQP1) is the archetypal member of a family of integral membrane proteins that function as 
water channels. Previously we have shown that this protein can be expressed transiently from a recombinant 
adenovirus (AdhAQPl) in vitro in different epithelial cell lines, and in vivo in rat submandibular glands. In 
the present study we have constructed a recombinant adenoassociated virus (rAAV) containing the human 
aquaporin 1 gene (rAAVhAQPl). rAAVhAQPl was produced at relatively high titers. =10 u -10 12 particles/ml 
and «10 8 -10 9 transducing units/ml. We show that the rAAVhAQPl can transduce in vitro four epithelial cell 
lines of different origins, at a level sufficient to detect the recombinant hAQPl protein by either Western blot 
or confocal microscopic analysis. The recombinant hAQPl was correctly targeted to the plasma membranes 
in all cell lines- Function of the recombinant hAQPl was measured as fluid flow, in response to an osmotic 
gradient, across a monolayer of transduced epithelial cells. The data show that even at a low level of trans- 
duction, typically «10% of the cells in the monolayer, transepithelial fluid movement is enhanced about three- 
fold above basal levels. In addition, we report that rAAVhAQPl can transduce epithelial cells in the salivary 
glands and liver of mice in vivo. These results suggest that rAAVs may be useful gene transfer vectors to di- 
rect the production of functional transgenes in salivary epithelial cell types. 



OVERVIEW SUMMARY 

Previously, we have shown several potential clinical uses for 
gene transfer to salivary glands, using adenoviral vectors. 
However, adenovirus-mediated gene transfer leads to tran- 
sient transgene expression and a significant host immune 
response. As an alternative means to deliver genes to sali- 
vary epithelial cells, we have begun to explore the use of re* 
corabinant adenoassociated viruses (rAAVs). In this article 
we describe the construction of an rAAV that directs the 
expression of functional aquaporin 1, in vitro and in vivo. 



INTRODUCTION 

Our laboratory has demonstrated that it may be possible 
to utilize gene transfer technology to treat the severe dam- 
age to salivary gland secretory cells that results from therapeutic 



radiation for head and neck cancer (Delporte et aL % 1997a). To 
demonstrate this principle, we used a replication-deficient ade- 
noviral vector (AdhAQPl) encoding human aquaporin 1 
(hAQPl), the archetypal niammalian water channel (Preston 
and Agre, 1991)* Adenovirus-mediated expression of hAQPl 
in irradiated glands led to a two- to threefold increase in sali- 
vary fluid secretion compared with glands administered a con- 
trol virus (Delporte et aL y 1997a). While recombinant aden- 
oviruses offer the possibility of high in vivo transduction 
efficiencies (Kozarsky and Wilson, 1993; Mulligan, 1993), the 
presently available adenoviral vectors do not lead to stable, 
long-term expression of the transgene and result in a potent im- 
munologic response. The latter both destroys transgene ex- 
pressing cells through the action of cytotoxic T lymphocytes 
and prevents successful vector readministration because of the 
production of neutralizing antibodies (e.g., Adesanya et a/., 
1996; Jooss et ai, 1996; Smith et al. y 1996; Yang et at. f 1996; 
Mack et <?/., 1997; Worgall et ai, 1997; Kagami et a/., 1998). 
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Adenoassociated vinos (AAV) is currently being investigated 
as a possible alternative to adenoviral gene therapy vectors, and 
other methods of gene transfer (Carter, 1992; Kotin, 1994). A 
member of the Parvoviridae family, AAV is the smallest DNA 
virus known to infect humans. There are many features of AAV 
that make it an attractive candidate for gene therapy. These fea- 
tures include a broad host range, no association with any dis- 
ease, and the ability of wild-type AAV to integrate into the host 
genome. 

Wild-type (wt) AAV is capable of infecting both quiescent 
cells and actively dividing cells (Russell et al.„ 1994; McKeon 
and Samulski, 1996). Recombinant AAV (rAAV) vectors ap- 
pear to lack site-specific integration, which is a feature of wt 
AAV (Kearns et aL, 1996; Ponnazhagan et al., 1997). The sin- 
gle-stranded, 4.6-kb AAV genome has inverted terminal repeats 
(TTRs) that contain the cis sequences required for replication 
and packaging (McLaughlin et al, 1988), and mediate the in- 
tegration of AAV into the host genome (Samulski et aL, 1989), 
The presence of the virally coded Rep protein directs AAV in- 
tegration to a specific locus on human chromosome 19 (Kotin 
et aL, 1990). This biological property may eventually allow for 
the stable, long-term expression of a foreign gene in many dif- 
ferent cell types. In fact, sustained expression from an rAAV 
has been shown in vivo in several tissues (e.g., Alexander et 
aL, 1996; Conrad et al. y 1996; Kessler et aL, 1996; Xiao et aL, 
Rannery et aL, 1997; Snyder et aL, 1997). 

Because of the unique features offered by AAV-mediated 
gene transfer, we have begun to explore the possibility of us- 
ing rAAV as a vector to mediate gene transfer to salivary gland 
epithelial cells. In the present study, we report the construction 
of an rAAV expressing hAQPl (rAAVhAQPl). We have ex- 
amined the ability of this rAAV to transduce various epithelial 
cell lines in vitro as well as epithelial cells in the salivary glands 
and liver of mice in vivo. 



MATERIALS AND METHODS 

Cells and cultures conditions 

Four mammalian epithelial cell lines were employed in the 
present study. Human embryonic 293 cells and monkey COS 
cells are derived from kidney. HSG (Shiarasuna et aL, 1981) 
and SMTE (He et aL, 1990) cells are derived from human and 
rat submandibular glands, respectively. All cells were main- 
tained in monolayer cultures in medium with 10% heat-inacti- 
vated fetal bovine serum, penicillin (100 units/ml), strepto- 
mycin (100 Mg/ml), and 2 nW glutamine. 

Plasmids 

pAAVhAQP] was derived from pCMVhAQPl (Delporte et 
al., 1997a). pAAV-MCS2.7 was derived from pAV2 by insert- 
ing a synthetic oligonucleotide into the PmU site (nucleotide 
209 of AAV) and in the SnaBl site (nucleotide 4492). A 3.6- 
kb fragment containing the cytomegalovirus (CMV) promoter, 
hAQPl open reading frame, and simian virus 40 (SV40) 
poly(A) signal was released from pCMVhAQPl by digestion 
with Notl and the ends filled in using Klenow enzyme. The vec- 
tor backbone and AAV ITRs were obtained, from pAAV- 
MCS2.7 by digestion with PmU and S/iaBI. The blunt-ended 
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fragments were ligated and orientation of the insert determined 
using restriction enzyme fragment mapping. 

rAAV production and titer 

rAAVhAQPl was produced using pAAVhAQPl in a high- 
titer system as described previously (Chiorini et aL, 1995). Frac- 
tions collected from CsCl gradients were assayed for rAAV 
genomes by dot-blot hybridization (Flotte et aL, 1992). Genome 
titer was determined by comparison of signal intensity with that 
of known amounts of pCMVhAQPl as a standard. We assessed 
the titer of wt AAV in our rAAV preparations by using the 
polymerase chain reaction. Reaction mixes contained — 100 ng 
of DNA and employed 25 pmol of Rep-specific primers. The 
upstream primer was ATGCCGGGGTTITACGAGATTGTG 
and the downstream primer was CGCCCACTGGAGCTCA- 
GGCTGGGTT. Reaction mixes were denatured for 2 min at 
95*C, followed by 35 cycles of 30 sec at 94°C, 1 min at 55*C 
and 1 min at 72°C. This procedure yields a 490-bp product 

Membrane preparation 

Crude plasma membranes were obtained essentially as de- 
scribed previously (Delporte et al., 1996). Briefly, transduced 
and control cells were collected in 1 mM NaHC03 and sub- 
jected to a free2e-thaw cycle, and cell debris was collected by 
centrifugation at 6000 X g. The resulting supernatant was then 
centrifuged at 16,000 x g and the pellet, resuspended in 50 mM 
Tris-HCl (pH 7.5), was used as the membrane source. 

Western blot analysis 

Membrane proteins were resolved on a \2% Tris- 
glycine-sodium dodecyl sulfate (SDS) gel and transferred to a 
polyvinyl difluoride membrane, using the X-Cell system 
(Novex, San Diego, CA). Western blots were performed as de- 
scribed (Delporte et aL, 1996, 1997a), using an affinity-puri- 
fied antibody to hAQPl (Li et aL, 1994) at a 1:1000 dilution. 
The secondary antibody was a goat anti-rabbit IgG conjugated 
to horseradish peroxidase (Bio-Rad, Hercules, (CA) used at a 
1:5000 dilution. Bound antibodies were detected by the en- 
hanced chemiluminescence (ECL) method (Amersham, Ar- 
lington Heights, IL). 

Functional assay 

SMIE cells were grown to confluence on collagen-coated 
polycarbonate filter inserts in six- well plates (Costar, Cam- 
bridge, MA). After the cells formed a confluent monolayer, they 
were transduced with either rAAVhAQPl or rAAVAP (the tat- 
ter encoding the alkaline phosphatase gene), at a multiplicity 
of infection (MOI) of 100. For rAAV studies herein, MOI refers 
to the number of particles per cell. rAAV transductions were 
performed with and without coinfection of wild-type adenovirus 
at an MOI of 100. Transductions with the recombinant aden- 
ovirus encoding AQP1, AdhAQPl, were performed at an MOI 
of 100 (Delporte et aL, 1997a). For adenovirus studies herein, 
MOI refers to the number of plaque-fomxing units per cell. Net 
fluid secretion across the SMIE cell monolayer was measured 
as described (Delporte et aL, 1998; He et aL, 1998), using a 
hyperosmotic medium (440 mOsm) in the apical chamber and 
isoosmotic culture medium (340 raOsm) in the basal chamber. 
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Confocal microscopy 

Cells were grown on filter inserts or glass coverslips, as 
described above, fixed with ice-cold 100% methanol, and sub- 
jected to immunofluorescent staining for hAQPl protein as 
described (Delporte et aL. 1996, 1997a), using the affinity- 
purified antibody described above. Samples were examined 
using a Nikon Optiphot-2 photomicroscope equipped with a 
Bio-Rad MRC-1000 laser scanning confocal imaging system 
(Bio-Rad, Cambridge, MA), with a krypton-argon laser as 
light source. 



In vivo experiments 

Male BALB/c mice were anesthetized by intramuscular in- 
jection of a mixture of ketamine chloride (60 mg/kg>and xy- 
lazine (5 mg/kg). Atropine (0.5 mg/kg) was administered in- 
tramuscularly to decrease salivary flow. Delivery of virus, at 
1 0 s particles per 50 of buffer ( 1 0 tuM Tris [pH 7.4], 0. 1 mM 
MgCl 2 , 10% glycerol), to the submandibular glands was done 
by retrograde ductal instillation as previously reported for ade- 
noviral vectors in rats (Delporte et aL, 1997a T b). For compari- 
son, an equivalent dose of rAAVhAQPI was also administered 
by tail vein injection. Tissues were harvested after 4 weeks, em- 
bedded in O.C.T. compound (VWR, Bridgeport, NJ), and stored 
at -80°C. Similar studies were attempted in male Wistar rats; 
however, we were unable to demonstrate convincing transduc- 
tion of salivary epithelial cells by rAAVhAQPI using these 
methods. 



Immunohistochemistry 

Frozen samples were fixed for 5 min in ice-cold 100% ace- 
tone, rehydrated with a graded series of ethanol washes, and 
rinsed in phosphate-buffered saline (PBS) before detection us- 
ing the primary antibody already described and the Histostain 
SP kit (Zymed, San Francisco, CA). 




SV40pa 



FIG. L Plasmid map. pAAVhAQPl contains the AAV left 
and right ITRs flanking the CMV promoter, hAQPl coding se- 
quences, and SV40 polyadenylation signal. 
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¥IG. 2. Detection of hAQPl in epithelial cell membranes by 
Western blot. Lane 1, 1 yu% of a crude rat kidney membrane 
preparation (positive control). 293, COS, and HSG cells were 
either untreated (lanes 3, 5, and 7, respectively) or transduced 
with rAAVhAQPI at an MOl of 100 (lanes 4, 6, and 8, re- 
spectively) and the expression of hAQPl protein examined in 
crude membrane preparations using an affinity-purified anti- 
body to hAQPl. Lane 2 is unlabeled molecular weight stan- 
dards. Endogenous expression of AQPl (monkey hornolog) was 
detected only in COS cells (lane 5). 28 kDA, Nonglycosylated 
monomeric AQPl ; HMW, high molecular weight glycosylated 



RESULTS 

Analysis of rAAVhAQPI preparations 

Figure 1 provides a schematic diagram of the construction 
of pAAVhAQPl. For the experiments shown in this article, five 
separate preparations of the recombinant virus were used. An 
analysis of the virus particle titer, i.e., number of genomes, 
showed an average of 5 X 10 n genomes/ml. In our preparative 
scheme the rAAV was typically found at highest concentrations 
in fractions with a density of 1 .4 g/ml. The peak rAAV genome- 
containing fractions were heated at 55°C for 1 hr to inactivate 
any wild-type adenovirus present. No adenoviral infectivity was 
detected in any of these heat-inactivated fractions, as measured 
by the induction of cytopathological morphology in 293 cells, 
even after 2 weeks of incubation. Transduction assays with 
rAAV indicated an average ratio of 1:1000 (transducing parti- 
cles:total particles). Using a polymerase chain reaction method 
to determine the titer of wt AAV in our rAAV preparations, we 
could detect ~l wt AAV in 10 3 rAAV particles. 

Detection of hAQPl in membranes from transduced 
epithelial cells 

Neither 293 cells nor HSG cells express hAQPl endoge- 
nously (Fig. 2, lanes 3, 7). COS cells (lane 5), however, showed 
immunoreactive AQPl bands: a distinct band at ~28 kDa cor- 
responding to the AQPl monomer and a broader band (-35-^5 
kDa) corresponding to the glycosylated AQPl (Denker et aL 
1988). 

Following transduction with rAAVhAQPI . membranes from 
all studied epithelial cell lines showed substantial levels of 
hAQPl protein by Western blot analysis. As a positive control 
for these experiments we utilized rat kidney membranes, which 
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contain both glycosylated high molecular weight, and nong- 
lycosylated monomelic, AQPl (Agrc tt al. % 1993). Mem- 
branes from human embryonic kidney (293) cells exhibited 
more glycosylated than nonglycosylated hAQPl after 
rAAVhAQPl transduction, while in membranes of similarly 
treated HSG (human submandibular gland) cells little of the 



glycosylated hAQPl was. found (Fig. 2. lanes 4 and 8). COS 
(primate kidney) cells were the only cells studied that en- 
dogenously expressed AQPl. After being transduced with 
rAAVhAQPl, COS cells showed a clear increase in the ex- 
pression oF AQPl above these endogenous levels (Fig. 2, 
lane 6). 




FIG. 3. Localization of hAQPl in cultured epithelial cells. SMIE (A and B), HSG (C and D), and 293 (E and F) cells were 
transduced with rAAVhAQPl at an MOl of 100. hAQPl protein expression was detected using an affinity-purified antibody and 
confocal microscopy. The horizontal (A, C, and E) and vertical (B, D, and F) views of transduced cells confirm the localization 
Of hAQPl to the plasma membrane of all cell types. (G) and (H) represent nontransduced 293 cells immunostained as in (E) and 
(F) and showing the absence of hAQPl endogenous immunoreactivity. 
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AAV GENE TRANSFER INTO SALIVARY CELLS 
Localization of hAQPl in transduced cells 

Confluent monolayers of SMIE, HSC, and 293 cells, grown 
on glass coverslips, were next transduced with rAAVhAQPl 
(MOI of 100; where as noted above, the MOI is the number of 
particles per cell and thus each cell was exposed to 0.1 trans- 
ducing particle). After 24 hr the cellular distribution of hAQPl 
was examined by confocal microscopy (Fig. 3). As can be seen 
for SME (Fig. 3A and B), HSG (Fig. 3C and D), and 293 (Fig. 
3E and F) cells, only a small fraction of the cells were trans- 
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duced. Examination in the xy (horizontal; Fig. 3 A. C, and E) 
and xz (vertical; Fig. 3B, D, and F) planes showed hAQPl only 
in the plasma membrane. Figure 3G {xy plane) and Fig. 3H (xz 
plane) show results of immunostaining with nontransduced 293 
cells. 

We also examined the cellular distribution of hAQPl pro- 
tein after viral transduction of SMIE cells grown as a polarized 
monolayer on collagen-coated filters. As shown below, the 
growth of cells in this manner is useful to assess hAQPl func- 
tion in vitro (He el aL, 1998). Figure 4 displays confocal mi- 




FIG 4, Localization of hAQPl in a polarized epithelial monolayer. SMIE cells were grown on collagen-coated filters, trans- 
S 1"°^!? r ^^S Pl .7 AdhA Q P1 > and sub J ected to a " <»»tic gradient as described in Fig. 5. Thereafter the mono- 
layers were fixed and stained with antibodies to hAQPl as described in Materials and Methods. (A, C, and E) Confocal micro- 

SS'r AV, h u ? 7 ° n ^ Xy \ P l^ °* 2nd F) ima S es in <>» vertical «> P lane > I" < A > and W cells were transduced 
with rAAVhAQPl, while m (C) and (D) cells were infected with AdhAQPl. (E and F) Nontransduced cells 
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crographs of SMIE cells that are nontransduced (Fig. 4E and 
F), or transduced with rAAVhAQPl (Fig. 4A and B) or Ad- 
hAQPl (Fig. 4C and D). As was shown by us earlier (Delporte 
et aL, 1997a, 1998; He et aL % 1998), transduction of polarized 
SMIE cell monolayers by AdhAQPl at an MOI of 100 (as noted 
above, for adenoviral transductions MOI is the number of 
plaque-forming units per cell) leads to uniform infection of cells 
and the appearance of resultant hAQPl protein in both the api- 
cal and basolateral membranes (Fig. 4C and D). Transduction 
of monolayers with rAAVhAQPl (Fig. 4A and B) results in a 
much smaller proportion of SMIE cells expressing the trans- 
gene (—10%). However, all such transduced cells also express 
the hAQPl protein in both the apical and basolateral plasma 
membranes. 

Function of recombinant hAQPl in vitro 

We next tested the ability of the recombinant hAQPl to 
function in vitro (Fig. 5) by measuring fluid movement across 
a polarized monolayer of SMIE cells. In control cells fluid 
movement was measured as 75 jul/4 hr in the presence of a 
transepithelial (apical — *• basal) osmotic gradient. After trans- 
duction of these cells with AdhAQPl, there was a two- to 
threefold increase in fluid movement. When monolayers were 
transduced with rAAVhAQPl, fluid movement was also about 
threefold that in control cells. We also examined fluid move- 
ment across cells transduced with rAAVhAQPl in the pres- 
ence of wild-type adenovirus and found no differences from 
that observed with monolayers transduced only with 
rAAVhAQPl. Two additional control experiments were per- 
formed: monolayers were either transduced with an "irrele- 
vant" rAAV (rAAVAP) or with rAAVAP and wild-type ade- 
novirus together. Fluid movement in these two "active" 
controls was slightly greater than observed with nontrans- 
duced cells, but markedly less than seen with cells transduced 
with rAAVhAQPl. 

Expression of hAQPl in vivo 

After determining that the hAQPl transgene expressed 
from rAAVhAQPl was functional and correctly targeted in 
vitro, we examined the ability of this virus to transduce ep- 
ithelial cells in mice. Since it has been previously shown that 
murine liver is susceptible to rAAV transduction (e.g., Sny- 
der et aL, 1997), we examined the ability of rAAVhAQPl to 
transduce mouse hepatic cells. Virus particles (10 s ) were de- 
livered to the liver via a tail vein injection. Tissues were har- 
vested 4 weeks after virus, administration and frozen sections 
were examined for expression of hAQPl with an affinity-pu- 
rified antibody. Sections of liver from control (nontransduced) 
mice showed no AQP1 -positive immunoreactive staining in 
hepatocytes (not shown). It was previously reported (Yano et 
aL t 1996; Marinelli and La Russo, 1997) that rat hepatocytes 
do not express AQP1. Rather, cholangiocytes and endothelial 
cells are the only cell types in rodent liver that endogenous ly 
express AQP1. However, in mice administered rAAVhAQPl 
intravenously transduction of hepatocytes was clearly evident 
(not shown). 

In the submandibular glands of nontransduced mice, AQPl- 
positive staining was seen in endothelial cells of capillaries 
and venules (Fig. 6A; see also Li et aL, 1994). Control mice 



showed no AQP I -positive staining of their parenchymal cells, 
similar to results reported earlier for rat salivary glands (Li et 
aL, 1994). When virus particles (10 8 ) were delivered to sub- 
mandibular glands via retrograde ductal instillation (Delporte 
etaL, I997a,b), all glands showed positive AQP1 immunore- 
activity in ductal epithelial cells (Fig. 6B). Staining was both 
membrane bound and cytoplasmic. Interestingly, no consis- 
tent immunoreactivity was seen in acinar cells. We also at- 
tempted to determine if rAAVhAQPl could transduce muscle 
cells as has been reported for other rAAVs (e.g., Xiao et aL, 
1996; Clark et aL, 1997). We were unable to demonstrate un- 
equivocally the transduction of myocytes after injection of the 
quadriceps muscle, in part because of the large background 
presence of AQP1 in vascular elements in the sections (not 
shown). However, using an rAAV encoding 0-galactosidase 
we readily observed the transduction of mouse myocytes (not 
shown). 
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FIG. 5. Net fluid secretion across polarized SMIE cell mono- 
layers. Movement of fluid was measured across intact SMIE 
cell monolayers in response to an osmotic gradient of 440 
mOsm (apical) to 340 mOsm (basal). Net fluid movement in 
control, nontransduced cells is —75 /x\ in 4 hr (1). Fluid move- 
ment in cells transduced with AdhAQPl at an MOI of 100 (2) 
was about two- to threefold greater. When cells were trans- 
duced at an MOI of 100 with rAAV hAQPl (3), the same level 
of fluid movement was seen. Level of fluid movement did not 
significantly change in cells coinfected with rAAVhAQPl 
(MOI of 100) and wild-type adenovirus (MOI of 100) (4). No 
significant fluid movement greater than that found with con- 
trol, nontransduced cells was seen in cells transduced with 
rAAVAP alone (5) or when rAAVAP was coinfected with wild- 
type adenovirus (6). Data represent the mean ± SEM for six 
separate determinations. Statistical comparisons between vari- 
ous treatment groups were done using either a Student's test or 
Mann-Whitney U test. Differences between groups 1 and 2 
(p < 0.002), 1 and 3 (p < 0.001), and 3 and 5 (p * 0.003) were 
statistically significant, while differences between groups I and 
5, 2 and 3, 2 and 4, and 5 and 6 were statistically nonsignifi- 
cant (p > 0.05). 
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DISCUSSION 

In the present article we have described the construction of 
a recombinant AAV, rAAVhAQPl, encoding the human ho- 
molog of the archetypal mammalian water channel protein, 
AQPl. hAQPl is a plasma membrane-targeted protein found in 
both the apical and basolateral membrane domains of polarized 
epithelial and endothelial cells in WwfAgre etal., 1993, 1995). 
rAAVhAQPl was produced at relatively high titers. The titers 
of rAAVhAQPl achieved were routinely -10"-10 12 parti- 
cles/ml, with a transducing titer in 293 cells of ~ 10*-10 9 trans- 
ducing units/ml. rAAVhAQPl was capable of transducing four 
different epithelial cell lines (293, COS, both kidney; HSG, 
SMIE, both salivary) derived originally from several species: 
human, monkey, orraL Interestingly, rAAVhAQPl was unable 
to transduce Madin-Darby canine kidney (MDCK) cells, a fre- 
quently studied model polarized epithelial cell derived from dog 
kidney (data not shown). The reason for this latter failure to 
transduce is not currently understood. A second recombinant 
AAV. rAA VAP, also was incapable of transducing MDCK cells 
(not shown). In all transduced epithelial cell lines the recombi- 
nant hAQPl was found in the plasma membrane (Figs. 2-4), 
exhibiting its natural nonpolarized targeting (Fig. 4). In addi- 
tion. rAAVhAQPl was able to transduce mouse salivary duc- 
tal epithelial cells and hepatocytes in vivo. 

Importantly, our in vitro studies showed that the hAQPl pro- 
tein encoded by rAAVhAQPl was functional, mediating the 
transepithelial movement of fluid in response to an osmotic gra- 
dient (Fig. 5). The level of fluid movement observed following 
rAAVhAQPl transduction was equivalent to that seen when 
similar polarized SMIE cell monolayers were transduced with 
AdhAQPl, i.e., about three times control levels. AdhAQPl re- 
sulted in essentially 100% transduction of the target cells, while 
rAAVhAQPl led to only 10% of the cells becoming transduced 
(Fig. 4). Thus, with this convenient in vitro model to study fluid 
movement across an epithelial monolayer (Neufeld et a/., 1 99 1 ; 
Delporte et a/., 1998; He et a/., 1998) it appears that submax- 
imal levels of cell transduction are able to impart a maximal 
physiological response. This finding is consistent with results 



reported using low MOIs of AdhAQPl to transduce SMIE cells 
(Delporte et al., 1998). 

In tissue culture, rAAV vectors have been shown to prefer- 
entially transduce cells in S phase (about 200-fold relative to 
nondividing cells; Russell et aL, 1994). However, for all stud- 
ies performed by us, the various epithelial cell lines were ei- 
ther in late-log to early stationary growth (cells grown to near 
confluence on plastic or glass coverslips) or essentially nondi- 
viding (cells grown to a polarized monolayer on collagen-coated 
filters). In particular, the latter results are significant because 
salivary epithelial cells in vivo are quite polarized and very 
slowly dividing. In addition, rAAVhAQPl was capable of trans- 
ducing the SMIE cell monolayer when the vector was presented 
to the apical membranes of the cells. 

Our in vivo studies, showed that mouse salivary glands were 
susceptible to rAAV transduction. In our experiments, all 
rAAV-transduced mice studied had detectable levels of hAQPl 
expression in their salivary epithelial cells (« = 3) and hepato- 
cytes (n = 3). Transgene detection in both salivary gland and 
liver occurred 1 month after rAAV administration. In contrast, 
adenovirus-mediated AQP expression is close to background 
levels in rat salivary glands by 7-14 days (Delporte et al f 
1997b). Interestingly, we observed a preferential transduction 
of ductal, versus acinar, cells in the salivary glands. This pat- 
tern differs from that seen with recombinant adenoviruses (e.g., 
Delporte et a/., I997a,b), where both ductal and acinar cells are 
readily transduced. Our results may reflect an absence or low 
level of a receptor for AAV binding in murine salivary acinar 
cell apical membranes (Summerford and Samulski, 1998). 
Transduced salivary ductal cells exhibited immunopositive 
hAQPl in both the cytoplasm and plasma membrane. For the 
hAQPl to mediate transcellular water permeability, a plasma 
membrane localization is necessary. However* as we have 
shown, relatively little hAQPl expression in the plasma mem- 
brane can mediate considerable transepithelial water flow (Del- 
porte et al, f 1998). 

As noted earlier, in principle we have demonstrated that it 
is possible to markedly increase fluid secretion from irradia- 
tion-damaged salivary glands in vivo (Delporte et at. t 1997a). 
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For such an approach to be truJy useful clinically, long-term 
stable expression of the transgene is desirable. rAAV vectors 
may offer that possibility, or at least a considerably extended 
period of expression when compared with adenovirus vectors. 
Nonintegrated rAAV vectors appear able to survive in vitro in 
stationary cultures (Russell et aL, 1994) and rAAVs are capa- 
ble of integrating into epithelial cell chromosomes, albeit in a 
non-site-specific manner (Keams et a/., 1996; Ponnazhagan et 
a/„ 1997). Further, in several tissues, long-term in vivo ex- 
pression of rAAV vectors can occur. These include muscle 
(Xiao et aL, 1996; Clark et aL, 1997), lung (Conrad et al f 
1996), liver (Snyder etal., 1997), brain (Alexander etal. % 1996), 
and retina (Flannery et aL, 1997). Although we do not yet have 
a complete understanding of the mechanisms involved in the 
site-specific integration of wild-type AAV (see Kotin, 1994; 
Urcelay et at., 1995; Chiorini et al. t 1996), it is known that the 
AAV inverted terminal repeats and Rep protein are required. It 
is reasonably anticipated that such an understanding will one 
day lead to the development of better vectors for clinical gene 
therapy. On the basis of the present results, it seems further 
studies are warranted to examine the utility of rAAV vectors in 
transducing salivary glands in species phylogenetically closer 
to humans. 
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Abstract 

The employment of critical-for-life organs (e.g., liver or lung) for systemic gene 
therapeutics can lead to serious safety concerns. To circumvent such issues, we have 
considered salivary glands (SGs) as an alternative gene therapeutics target tissue. Given 
the high secretory abilities of SGs, we hypothesized that administration of low doses of 
recombinant adeno-associated viral (AAV) vectors would allow for therapeutic levels of 
transgene-encoded secretory proteins in the bloodstream. We administered 10 9 particles 
of an AAV vector encoding human erythropoietin (hEPO) directly to individual mouse 
submandibular SGs. Serum hEPO reached maximum levels 8-12 weeks after gene 
delivery and remained relatively stable for 54 weeks (longest time studied). Hematocrit 
(Hct) levels were similarly increased. Moreover, these effects proved to be vector dose 
dependent, and even a dosage as low as 10 8 particles/animal led to significant increases in 
hEPO and Hct levels. Vector DNA was only detected within the targeted SGs and levels 
of AAV copies within SGs were highly correlated with serum hEPO levels (r=0.98). 
These results show that SGs appear to be promising targets, with potential clinical 
applicability, for systemic gene therapeutics. 
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Introduction 

Gene therapeutics, use of the gene as a drug, was initially proposed as a highly 
promising clinical application of gene transfer (1,2). Currently, most therapeutic 
transgenes intended for correction of systemic single protein deficiency disorders, are 
delivered to either a major, critical-for-life organ, e.g., liver or lung (3,4), or a tissue not 
physiologically intended for secretion, e.g., muscle (5,6). Both approaches although 
useful can be unsatisfactory, since they can require relatively high vector doses to achieve 
effective therapy (3-6). Furthermore, targeting a critical organ, such as the liver or lung, 
can lead to serious safety concerns (7,8). An ideal target tissue for gene therapeutics 
should be readily accessed, ensure safety, and lead to adequate as well as stable 
transgenic protein production. 

The quest for a better gene therapeutics target tissue led us to consider an unusual 
candidate: the salivary glands (SGs). Human SGs consist of extremely active secretory 
cells, able to produce 0.75-1.5 liters of saliva daily, as well as to secrete considerable 
amounts of protein into both the gastrointestinal tract and bloodstream (9). Importantly, 
SGs are well encapsulated, not critical-for-life organs. Therefore, it seemed to us 
reasonable to try to take advantage of their potential utility for gene therapeutics. 

Gene transfer to SGs is accomplished in a relatively non-invasive manner by 
intra-oral cannulation of the main excretory ducts (10). In earlier experiments, we used 
recombinant serotype 5 adenoviral vectors for gene transfer and demonstrated successful 
vector administration, and subsequent protein production and secretion of several 
therapeutic proteins, albeit for a limited time (e.g., 11-13). Very recently, we 
demonstrated that adeno-associated virus (AAV) vectors can be used for gene transfer to 
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SGs (14). In the present study, we employ AAV vectors in SGs in an attempt to 
circumvent some important existing obstacles to successful gene therapeutics. 
Specifically, we evaluated the hypothesis that the administration of low doses of AAV 
vectors to SGs can lead to the stable, long-term secretion of a therapeutic protein into the 
bloodstream for systemic disease applications. Our experiments clearly demonstrate 
proof of this hypothesis and strongly support the notion that SGs may be valuable gene 
transfer targets for gene therapeutics with potential clinical significance. 
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Materials and Methods 
Construction f AAVhEPO and AAVLacZ 

Generation of AAV vectors was performed as previously described (14-16). Briefly, 
293T cells were co-transfected with the trans plasniids pMMTV2.1 (provides the Rep 
and Cap genes), pAdl2 (provides adenoviral helper genes) and the cis plasmid containing 
either the E. Coli P-galactosidase (LacZ) or human erythropoietin (hEPO) cDNA flanked 
by the AAV ITRs (Figure 1) at a ratio of 1:1:1 by calcium phosphate precipitation to 
generate the recombinant vector AAVLacZ or AAVhEPO, respectively. Transgene 
expression in both recombinant AAV vectors was driven by the Rous Sarcoma Virus 
(RSV) promoter. Dr. Y. Terada (Tokyo Medical and Dental University) generously 
provided the hEPO cDNA. The cells were harvested 48 hr post transfection and a crude 
viral lysate (CVL) obtained after three freeze-thaw cycles. The lysate was treated with 
benzonase (lOOU/mL of CVL; 37°C for 45min), adjusted to a refractive, index of 1.372 
by addition of CsCl and centrifiiged at 38,000 rpm for 65 hr at 20°C. Equilibrium density 
gradients were fractionated and fractions with a refractive index of 1.369-1.375 were 
collected and stored at 4°C and assayed for infectious activity. The number of AAV 
genomes was estimated using real time quantitative (Q) PCR (Applied Biosystems, 
Foster City, CA; see below). Immediately before experiments, viral fractions were 
dialyzed against 0.9% NaCl. 

Mice, gene transfer, saliva and serum collections 

Animal studies were approved by the NIDCR Animal Care and Use Committee and the 
NIH Biosafety Committee. All procedures were conducted in accordance with IASP 



7 

standards. Male Balb/c mice were obtained from the Division of Cancer Treatment, NCI, 
Bethesda, MD. Mice (four groups, n=5 each) were administered 10 9 particles (suspended 
in 50^1 of 0.9% NaCl) of either AAVLacZ (n=10) or AAVhEPO (n=10) by retrograde 
ductal delivery to their submandibular SGs (10,14). Two additional groups of Balb/c 
mice (n=5 each) were also utilized for a vector dose-response evaluation, and received 
10 8 or 5xl0 9 AAVhEPO particles, respectively. A further group (n=5) of naiVe mice 
(administered with 50^,1 of 0.9% NaCl) was included. Mild anesthesia was induced with 
1 \iVg body weight of a 60 mg/ml ketamine (Phoenix Scientific, St. Joseph, MO) and 8 
mg/ml xylazine (Phoenix Scientific) solution given intramuscularly. One cohort of mice, 
administered either AAVLacZ (n=5) or AAVhEPO (n=4; one animal died), and the naive 
group (n=4), were sacrificed 8 weeks after viral administration. Blood and tissue 
(submandibular glands, liver, spleen and testis) samples were collected. The other mice 
(AAVLacZ and AAVhEPO, n=5 each) were maintained throughout the experiment (up to 
54 weeks). Blood samples were obtained by orbital bleeding. Whole saliva was collected 
as described (14), after stimulation of secretion using 0.5 mg pilocarpine/kg body weight 
administered subcutaneously. Hematocrits (Hcts) were determined using micro- 
hematocrit capillary tubes (Fisher Scientific, Pittsburgh, PA). 

Quantification of hEPO 

Secretion of hEPO in mouse serum and saliva was determined by an ELISA using 
commercial assay kits (R&D systems, MN, USA). The lower limit of detection was 
0.6 mU/ml. Assays were performed according to the manufacturer's instructions. 
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Quantitative real-time PCR 

Genomic DNA was isolated from submandibular glands, liver, spleen and testes of 
treated and untreated mice (week 8) using the DNeasy isolation kit (Qiagen, Chatsworth, 
CA). QPCR amplification (20 \i\ final volume) of the DNA (100 ng) was performed with 
the ABI PRISM 7700 Sequence Detection System (Applied Biosystems) by using the 
SYBR Green PCR Master Mix (Applied Biosystems) and a specific 5' and 3* primer pan- 
appropriate (0.3 nM; 5': GATGAGTTAGCAACATGCCTTACAA, 3': 
TCGTACCACCTTACTTCCACCAA) for the RSV promotor. A PCR thermal profile of 
holding at 95°C for 10 min, denaturing at 95°C for 15 s, and annealing and extending for 
60°C for 1 min was performed for 40 cycles. A standard curve, employing the AAVEPO 
plasmid and including 100 ng genomic DNA of untreated animals for each specific 
tissue, was included for each QPCR reaction. Triplicate samples were assayed in a single 
run. 

Histologic assessment of submandibular glands 

Submandibular glands were removed for histologic analyses from AAVLacZ treated 
mice (n=5) at the time of sacrifice (week 8), embedded in medium for frozen tissue 
specimens (O.C.T. Compound, Sakura Finetek, Torrance, CA) and placed on dry ice. 
Sections were cut at 5 nm thickness. Infected cells were detected by 
immunohistochemical analyses (P-galactosidase positive nuclear staining) using the 
streptavidin-biotin peroxidase complex method. Frozen sections from animals 
administered AAVEPO served as controls for the p-galactosidase staining experiment. 
Briefly, after endogenous peroxidase, streptavidin and biotin activities were blocked 



9 



(Streptavidin/Biotin Blocking Kit SP-2002, Vector Laboratories; Burlingame, CA), 
sections were incubated overnight at 4°C with a polyclonal primary antibody against 0- 
galactosidase (B59136; Biodesign, Saco, Maine; 1:500) raised in rabbits. Staining was 
developed by using a biotinylated goat antibody (Vector Laboratories) directed against 
the primary antibody and the avidin-biotin peroxidase complex followed by 3,3'- 
diaminobenzidine (SK-4100; Vector Laboratories) and counterstained with hematoxylin. 

Southern Hybridization 

Hirt extracted DNA, from submandibular glands of both treated and naive animals (week 
8), was used in the Southern hybridization analyses (17). Briefly, tissue samples were 
incubated in Hirt buffer (10 mM Tris [pH 8.0], 10 mM EDTA, 1% SDS, 10 \ig of DNase- 
free RNase and 0.5 mg/ml proteinase K) at 37°C overnight. NaCl was added to the 
digestion mixture at a final concentration of 1 .0 M. After overnight incubation at 4°C, 
samples were centrifiiged at 8000 x g for 20 min. The supernatant, containing low 
molecular weight DNA, was phenol-chloroform extracted, ethanol precipitated and the 
DNA dissolved in TE buffer. The pellet, containing high molecular weight genomic 
DNA, was washed several times with 75% ethanol and finally dissolved in TE buffer. 
Low molecular weight DNA was either undigested or digested with Sma I, BssH II or 
Plasmid Safe DNase (EPICENTRE, Madison, WI), an enzyme cutting linear DNA forms 
(18), while high molecular weight DNA was digested with Sma I. DNA from each 
sample (30 |ig), was separated on 1% agarose gels, transferred to Nylon membranes and 
hybridized with an [a- 32 P]dCTP-radiolabeled RSV-EPO probe (an 1264-bp Sma I 
fragment from the AAVEPO plasmid; Figure 1). 
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Results 

Serum hEPO and Hct levels 

Mean serum hEPO levels were non-detectable and mean Hct levels (±SE) were 60.2 ±2 
% prior to administration (week 0), for all animals used in our experiments. In the 
AAVhEPO treated group (10 9 particles/animal; n=5) serum hEPO levels gradually 
increased for a 12 week period (Figure 2; mean ± SE: 27.1 ± 13.9 mU/mL) and remained 
relatively stable thereafter with respect to each individual mouse (Figure 3; week 54; 
longest time studied). For example, on week 28, serum hEPO levels avereged 20.2 ±12 
mU/ml, while on week 48, serum hEPO levels avereged 19.5 ±10.1 mU/mL (Figure 2). 
Hct levels increased in parallel with the serum hEPO levels (84.4 ± 4 % on week 12), and 
remained elevated up until the end of the experiment (80 ± 4.8 and 81.2 ± 4.5 on weeks 
28 and 48, respectively; Figure 2). Serum hEPO levels in the AAVLacZ administered 
group (control group) remained undetectable throughout the 54 weeks of the experiment 
(data not shown). No change was observed in the Hct levels in the control group which 
remained -60% up until the end of the experiment (data not shown). The levels of hEPO 
detected in saliva were minimal (0.6 ± 0.6 mU/mL; n=5) in mice treated with AAVhEPO. 
Serum hEPO levels in the other two dosage groups tested (n=5 each; receiving either 10 8 
or 5xl0 9 particles/animal) gradually increased from non-detectable on week 0 to 7.8±3.8 
mU/ml (n=3) and 60.5±42.1 mU/ml (n=4) on week 12, respectively (Figure 4). Hct levels 
in the same groups on week 12 were 72.3±7.2 and 87.7±2.5%, respectively. 
Three groups of mice were sacrificed on week 8 of these experiments. In the group 
administered AAVhEPO (n=4, 10 9 particles/animal), mean serum hEPO levels were 
15.2±5.1 mU/ml (Hct: 77.5±5.2). Conversely, serum hEPO levels remained non- 
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detectable in both the AAVLacZ (n=5, 10 9 particles/animal) and naive (n=4; 0.9% NaCl) 
groups, as observed on week 0 (data not shown). 

Quantitative real-time PCR (QPCR) 

QPCR was performed, using DNA extracted from submandibular glands, liver, spleen 
and testis, to evaluate the number of viral copies present. Samples were obtained from the 
AAVhEPO group (n=4; 10 9 particles/animal) and the naive animal group (n=4; 0.9% 
NaCl), sacrificed on week 8. QPCR results are depicted in Table 1. Viral DNA was only 
present in the SGs of AAVhEPO treated animals (13185±2963 copies/1 OOng of extracted 
DNA; n = 4). Naive animals yielded background levels of 480±32 copies/lOOng of DNA 
extracted from their SGs. There were no differences detected in the viral DNA present in 
the liver, spleen and testis between AAVhEPO treated and naive animals. Furthermore, 
the correlation between viral copies present in the SGs of the AAVhEPO treated animals 
and serum hEPO levels was highly significant (r=0.98; Figure 5). 

Histologic assessment of submandibular glands 

Immunocytochemistry assays were performed on SG tissue sections from AAVLacZ 
(n=5; 10 9 particles/animal) and AAVhEPO (n=4; 10 9 particles/animal) treated animals, 
sacrificed on week 8 (Figure 6). p-galactosidase expression was only observed in the 
AAVLacZ treated group. The AAVs infected 10-15% of the SG cells. Only ductal cells 
had positive nuclear staining (no staining was observed in the acinar cells). Additionally, 
no inflammatory infiltrate or structural abnormality was observed in the gland sections 
from mice treated with AAV vectors. No nuclear staining was observed in the tissue 
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sections obtained from AAVhEPO treated animals, using the same immunocytochemistry 
procedure (Figure 6 inset). 

Southern Hybridization 

Southern hybridization analysis was performed in order to examine the form of 
viral DNA present in SGs (Figure 7). Hirt extracted DNA, either undigested or digested 
with either Sma I, BssH II, or Plasmid Safe DNase, was examined. DNA was obtained 
from submandibular glands of both AAVhEPO treated (n=4; 10 9 particles/animal) and 
naive animals (n=4; 0.9% NaCl ) sacrificed on week 8. Plasmid Safe DNase only cuts 
linear forms of DNA, circular forms remaining intact (18). Undigested low molecular 
weight DNA from the AAVhEPO treated group showed two hybridization positive bands 
(Figure 7, lane a). The larger band corresponded to the length of the recombinant 
AAVhEPO viral DNA (1958 bp). Digestion of the same DNA, with Sma I or BssH II 
resulted in 1264 bp and 1740 bp fragments, respectively (Figure 7, lane b and c). These 
fragments correspond to those resulting from digestion of the AAVhEPO plasmid with 
the same enzymes (data not shown; see AAVhEPO construct in Figure 1). A smaller 
band was also observed in lane c. This band corresponded to the lower band in lane a, but 
was significantly weaker. After digestion of the extracted DNA with Plasmid Safe only 
one band remained corresponding with the lower band in the undigested DNA lane 
(Figure 7, lanes a and d). When high molecular DNA (extracted from the same SGs) was 
used after digestion with Sma I, no hybridization positive bands were observed (data not 
shown). In addition, no hybridization positive bands were observed in the Southern blots 
when DNA extracted from naive animals was used (data not shown). 
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Discussion 

The use of a major, critical-for-life organ, e.g., liver or lung (3,4), or a tissue not 
physiologically intended for secretion, e.g., muscle (5,6), as targets for systemic gene 
therapeutics, although useful, can present certain obstacles with respect to clinical 
applicability. For example, use of the former can potentially lead to serious safety issues 
(7,8), while use of the latter may not provide adequate levels of therapeutic protein 
production at low vector doses (19,20). SGs are self-confined (encapsulated), non-critical 
for life organs with striking secretory abilities. These features motivated us to suggest 
SGs as potential targets for gene therapeutics (11). Existing data suggest that SGs could 
be excellent targets for gene transfer with respect to safety and protein productivity (see 
10-13, 21). Moreover, in case of an unanticipated severe adverse event following vector 
delivery, a single SG can be removed surgically (in contrast to liver or lung) with 
relatively little morbidity. The fact that AAV vectors can be successfully used to stably 
deliver transgenes to the SGs is an additional safety consideration, since there is no 
evidence that AAV is an etiological agent for human disease (22). To further ensure 
safety, the use of SG tissue-specific promoters can be beneficial, as it would preclude 
transgene production from other tissues (23). 

SG cells exhibit at least two distinct secretory pathways: a predominant regulated 
one leading to exocrine protein secretion into saliva via zymogen granules and a 
constitutive one leading to the bloodstream (9,13,24). Secretory proteins produced as 
transgene products in SGs, after viral-mediated gene transfer, continue to follow the same 
general secretory pathway as in their primary site of production (e.g. al anti-trypsin 
follows the constitutive pathway and growth hormone follows the regulated pathway; 
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11,13, 24). EPO is secreted primarily from kidney tubular epithelial cells (25) via a 
constitutive pathway, targeting erythroid progenitor cells in the bone marrow and 
increasing red blood cell production and therefore Hct levels. 

As we hypothesized, hEPO produced in mouse submandibular SGs was 
preferentially secreted into the bloodstream (constitutive pathway) throughout the entire 
length of our experiments, with salivary hEPO levels being minimal. Mean serum hEPO 
levels in the mice treated with AAVhEPO steadily increased for an 8-12 week period and 
remained relatively stable thereafter (week 48; Figure 2). The stability of serum hEPO 
levels was even more apparent within individual mice (week 54, longest time studied; 
Figure 3). Differences observed between individual mice are likely a result of both 
animal variability, and variability in the effectiveness of cannulation of SGs in 20g mice. 
This latter problem is not a concern in larger animals and humans (10, 26). Notably, SGs 
were able to sustain serum hEPO levels well within the normal range (10-30 mU/mL; 
27). In addition, circulating hEPO proved to be not only therapeutically adequate but also 
functional throughout the experiment: Hct levels in all AAVhEPO treated groups 
increased in parallel with serum hEPO levels. This indicates that SGs are capable of all 
the necessary post-transcriptional modifications required for the secretion and biological 
activity of this transgene product (28). Importantly, serum hEPO levels and Hct values 
were unaffected in the AAVLacZ treated group. 

SGs are directly accessed, in a relatively non-invasive manner, such as is 
performed clinically without anesthesia for contrast radiographs (10). During the 
procedure, almost the entire SG epithelial cell population is directly accessible to vector 
suspended in a small volume (SOpl for mice) within a confined space, and thus is a 
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potential gene transfer target (10). The latter circumstance along with the considerable 
physiological ability of SG cells to produce, process and secrete high levels of proteins, 
minimizes the amount of vector needed for AAV-mediated gene transfer with SGs. As a 
result, the vector dose (10 9 particles/animal) used in most of our experiments was 10-100 
fold lower than typically reported with liver, lung and muscle (3-6,19,20,29). 
Furthermore, even a dose as low as 10 8 particles/animal led to clearly measurable and 
effective EPO levels in the bloodstream (Figure 4), indicating that the considerable 
protein production and secretory mechanisms in the SGs were easily "exploited". 

We used real-time QPCR to measure viral load in SGs, testes, liver and spleen 
from both treated and naive animals. Viral DNA was only detected in the targeted SGs 
(13185±2963 copies/lOOng of extracted DNA; n = 4). Thus, undesirable dissemination of 
the virus beyond the SGs was below the sensitivity level of the assay, and administered 
AAV vector appears confined within the glands (Table 1). These results likely are 
attributable both to the encapsulation of SGs, as well as the small volumes of infusate and 
low viral doses used in our experiments. 

We also considered whether the SGs were the actual site of hEPO production 
observed. We conclude that the QPCR results strongly indicate that the hEPO measured 
in serum was solely produced by and secreted from the targeted SGs. As noted, viral 
DNA was essentially only detected in the targeted SGs. DNA tested from liver, spleen 
and testis showed a similar number of viral copies in the QPCR analysis as measured in 
these tissues from naive mice. Additional support for this conclusion is derived from the 
fact that the number of viral copies present in the SGs and the serum hEPO levels were 
strongly correlated (r=0.98; Figure 5). 
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DNA was also extracted from SGs and examined in an attempt to study the fate of 
the recombinant AAV DNA after administration. Southern hybridization analyses suggest 
that viral DNA was present as both double-stranded linear and stable circular forms 
(Figure 7). The formation of these structures appears to be a key event for the AAV- 
mediated stable production of transgene products (30). As with results in muscle tissue 
(31), the primary form of AAV in the SGs appears to be episomal. 

Immunocytochemistry assays performed on SG tissue sections from AAVLacZ 
treated animals demonstrated that the AAVs infected 10-15% of the SG cells (Figure 6). 
Only ductal cells appeared susceptible to AAV infection. Acinar cells probably lack 
either appropriate viral receptors or key intracellular components for successful 
transduction. Importantly, no inflammatory infiltrate or structural abnormality was 
observed in gland sections at 8 weeks after administration, suggesting that retrograde 
ductal delivery of AAVs does not cause any irreversible damage to the SG tissue. 

Interestingly, the life span of salivary epithelial cells in rodents has been 
estimated to be 125-200 days (32,33), but the ability of SGs cells to divide is a 
controversial issue (34,35). Our data suggest that either the transduced salivary ductal 
cells do not significantly divide during the 54-week period studied, in contrast to previous 
life span estimates in rodents, or that if cell division occurs, transduced daughter cells 
remain functionally active within the SG tissue. 

In summary, we have hypothesized that the use of SGs for systemic gene 
therapeutics is consistent with the primary biological role of this tissue, i.e. utilizing 
normal protein production and secretion pathways. Our results show that stable, long- 
term production of therapeutic serum levels of a functional protein can indeed be 
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achieved relatively non-invasively in SGs by low doses of AAV vectors. Thus, SGs 
appear able to act as self-contained, endogenous bioreactors following gene transfer and 
are therefore unusual yet promising targets for systemic gene therapeutics. 
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Table 1. Number of viral c pies in tissues after AAV vector administrati n 
to mouse submandibular glands * 



Tic cup 


AAVhFPO 


Pnntrnl 


SALIVARY 
GLANDS 


13185 


480 


SPLEEN 


336 


303 


LIVER 


567 


511 


TESTIS 


183 


204 



*AAVhEPO (10 9 particles/animal suspended in 50|al of 0.9% NaCl) was delivered to 
mouse submandibular glands via intra-ductal cannulation. Control (naive) animals 
were administered 50^1 of 0.9% NaCl, via the same route. After 8 weeks, animals 
(n=4/group) were euthanized, the indicated tissues obtained, and DNA extracted as 
described in Materials and Methods. Viral copy number was determined by QPCR as 
described in Materials and Methods. 



Legends 

Fig. 1. AAVhEPO construct. The vector AAVhEPO was constructed as described in 
Materials and Methods. Inverted Terminal Repeat (ITR), Rous Sarcoma Virus promoter 
(RS V), human erythropoietin cDNA (hEPO) and polyadenylation signal (Poly- A) are 
shown. Arrows indicate restriction enzyme sites: Sma I ( — ► ) and BssHU ( — ►). Black 
line (•"• ) indicates the probe used in the Southern Hybridization Blot (see Figure 7). 
Red and blue lines connecting arrows indicate the DNA fragments observed in the 
Southern Hybridization Blot after digestion with the specific enzymes. 

Fig. 2 Serum erythropoietin and hematocrit levels in AAVhEPO treated mice. Vector 
(AAVhEPO; 10 9 particles/animal) was administered to Balb/c mouse submandibular 
salivary glands (n=5) by retrograde ductal delivery as described in Materials and 
Methods. Data shown are the mean (+SE) serum hEPO (blue line, left y axis) and Hct 
(red line, right y axis) levels measured over a 48 week period. 

Fig. 3 Serum hEPO levels in three individual mice after AAVhEPO administration. 
Vector (10 9 particles/animal) was delivered as in Figure 2, and hEPO was measured over 
a 54 week period (longest time studied; * animal died or sacrificed at indicated time 
points). 



Fig. 4 hEPO expression is viral vector dose dependent. Three groups of Balb/c mice 
received either 10 8 , 10 9 , or 5 x 10 9 particles/animal of the AAVhEPO vector via 
retrograde ductal cannulation of the submandibular salivary glands as described in Figure 
2. Bars represent mean (+ SE) serum hEPO levels 12 weeks after vector administration 
for each dosage group (n=3, 5 and 4 animals/group, respectively). 

Fig. 5 Relationship between hEPO expression in serum and viral copies present in 
salivary glands in treated and naive animals. Mice were sacrificed 8 weeks after 
administration (n=4; 10 9 particles of AAVhEPO/treated animal or 50\xl 0.9% normal 
saline/naive animal) and viral copies present in the SGs, and serum hEPO levels, were 
measured as described in Materials and Methods. The correlation between viral copies 
present and serum hEPO levels was highly significant (r=0.98). Red (*) indicates the 
mean hEPO serum levels and mean number of viral copies present in salivary glands of 
naive animals (n=4). 

Fig. 6 Immunocytochemical detection of P-galactosidase expression in mouse 
submandibular glands. Cryosections were prepared 8 weeks after AAVLacZ 
administration to mouse submandibular SGs (n=5, 10 9 particles/animal), and p- 
galactosidase expression detected using an anti-P-galactosidase antibody. Sections were 
counterstained with hematoxylin. The p-galactosidase cDNA used contains a nuclear 
localization signal. Red arrows indicate representative cells with nuclear localized P- 
galactosidase. Staining was observed only in salivary ductal cells. No staining was 
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detected in the control cryosections obtained from an animal receiving AAVhEPO using 
the same immunocytochemistry procedure, as shown in the right upper inset. 

Fig. 7 Southern Hybridization Blot of low molecular weight DNA from the salivary 
glands of AAVhEPO treated animals. Vector (10 9 particles/animal) was administered and 
Hirt extracted DNA prepared as described in Materials and Methods. Undigested Hirt 
extracted DNA showed that the recombinant AAVhEPO viral DNA is 1958 bp (lane a). 
Digestion of the Hirt extracted DNA with Sma I (lane b) and BssHW (lane c) resulted in 
1264 bp and 1740 bp fragments respectively, as expected (Figure 1). Blue and red colors 
correspond with the red and blue lines in Figure 1 indicating the restriction enzyme sites 
and the resulting DNA fragments. Digestion with Plasmid Safe (an enzyme only cutting 
linear DNA forms) indicated the presence of episomally maintained circular forms (lane 
d). Hirt extracted DNA from naive animals yielded no hybridization positive bands on 
Southern analyses (data not shown). 
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language in which the international application was filed, unless otherwise indicated under this item. 
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□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 
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□ the drawings, sheets: 

5. □ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V* Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 

Novelty (N) Yes: Claims 

No: Claims 1-7 

Inventive step (IS) Yes: Claims 

No: Claims 1-7 

Industrial applicability (IA) Yes: Claims 1-7 

No: Claims 



2. Citations and explanations 
see separate sheet 



VIII. Certain observations on the international application 

The following observations on the clarity of the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 
see separate sheet 
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Concerning section V: 

The following documents are referred to in this communication; the numbering will be 
adhered to in the rest of the procedure: 

D1 : BAUM BRUCE J ET AL: 'Re-engineering the functions of a terminally 
differentiated epithelial cell in vivo.' ANNALS OF THE NEW YORK ACADEMY OF 
SCIENCES., vol. 875, 18 June 1999 (1999-06-18), pages 294-300, XP000946428 
Conference; Banff, Alberta, Canada; July 18-22, 1998, Technology, medicine, and 
materials. June 18, 1999 New York Academy of Sciences 2 East 63rd Street, New 
York, New York 10021, USA ISBN: 1-57331-194-4 

D2: WO 97 45533 A (RUTHERFORD ROBERT BRUCE ;UNIV MICHIGAN (US); 

MOONEY DAVID J (US)) 4 December 1997 (1997-12-04) 

D3: WO 99 01538 A (MASSACHUSETTS INST TECHNOLOGY) 14 January 

1999(1999-01-14) 

D4: DELPORTE CHRISTINE ET AL: 'Increased fluid secretion after adenoviral- 
mediated transfer of the aquaporin-1 cDNA to irradiated rat salivary glands.' 
PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE 
UNITED STATES, vol. 94, no. 7, 1997, pages 3268-3273, XP002148673 1997 
ISSN: 0027-8424 cited in the application 

The document D1 reports a conference which was held on July 18-22, 1998, before the 
priority date of 24.02.1999 of the present application. Its whole content is therefore 
considered as part of the prior art relevant for examining the present invention. 

1 . Novelty 

The present application does not meet the requirements of Article 33 (2) PCT because 
the subject-matter of claims 1 to 7 is not new for the following reasons. 

The document D1 describes in detail the artificial salivary gland of the invention: a 
blind-end tube made of permeable, porous, biodegradable substrate, with a matrix 
capable of promoting the polarization of engineered cells, these cells being genetically 
engineered to be capable of unidirectional salt and water movement. The cells form a 
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monolayer on the internal surface of the support. Therefore, in view of the teaching in 
D1 , the subject-matter of claims 1 to 6 is not new. 

The documents D2 and D3 both describe an implantable device suitable for the 
regeneration of oral tissues amongst others. The device comprises a porous matrix 
(see D2, page 18, line 19 to page 19, line 26; page 20, lines 12 to 20; D3, page 20, 
lines 4 to 12) covered with cells like for example salivary secretory cells which implicitly 
produce water transport proteins (D2: page 21, line 4; D3: page 5, line 10 and page 20, 
lines 21-22). 

The cells used in D2 and D3 can be transfected with a gene of interest in order to in 
vivo secrete a desired gene product (D2, page 16, lines 1 to 12; D3, page 22, lines 17 
to 24). 

Consequently the subject-matter of claims 1 and 7 is not new over D2 and D3. 
2. Inventive step 

Even if novelty were to be established, the present application would possibly not meet 
the requirements of Article 33 (3) PCT because the subject-matter would not involve an 
inventive step. 

D1 clearly teaches the design of an artificial salivary gland claimed in the present 
invention. This device is useful in the treatment of salivary hypofunction. 
Furthermore, an improvement of the device by increasing the salivary secretion via 
genetic engineering of the cells to produce additional water transport proteins would not 
be inventive as it can be derived from the teaching of D4 which describes successful 
hAQP1 gene transfer. 

Finally, implantable devices as used in the invention have been described in detail in 
D2 and D3. 

Therefore, it is presently not seen where an inventive step can be found in the present 
invention. 
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Concerning section VIII: 

Although claims 1-5 have been drafted as separate independent claims, they appear to 
relate effectively to the same subject-matter and to differ from each other only with 
regard to the definition of the subject-matter for which protection is sought in respect of 
the terminology used for the features of that subject-matter. The aforementioned claims 
therefore lack conciseness. Moreover, lack of clarity of the claims as a whole arises, 
since the plurality of independent claims makes it difficult, if not impossible, to deter- 
mine the matter for which protection is sought, and places an undue burden on others 
seeking to establish the extent of the protection. 

Hence, claims 1-5 do not meet the requirements of Article 6 PCT. 

In order to overcome this objection, it would appear appropriate to file an amended set 
of claims defining the relevant subject-matter in terms of a single independent claim in 
each category followed by dependent claims covering features which are merely op- 
tional (Rule 6.4 PCT). 



